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ABSTRACT 


Features on the early geologic maps were illustrated by symbols, ruling, stippling, 
letters, and numerals. From 1775 to 1851 hand-colored maps on printed bases were 
the chief medium of illustration. Chromolithography began to supersede hand 
coloring about 1851, and the present multicolored maps are results of the development 
of color printing. Hand-colored maps are still made but not published. 

About 300 of the 375 maps mentioned were personally examined, but they represent 
only a small part of the thousands in existence. pan 
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Maps that are outstanding because of early date, cartographic technique, important 
contribution to geology, advances in methodology, or some other special interest are 
described. Maps for all parts of the world are included in the descriptions, but most 
of the discussion and description is of maps of Europe and North America. 


INTRODUCTION 


The oldest known map is dated at about 2500 B. C. It was found on 
a clay tablet in Babylonian ruins at Ga Sur, about 200 miles north of 
Babylon, and is now preserved in the Semitic Museum of Harvard Uni- 
versity. Other Babylonian tablets have been found that demonstrate 
the antiquity of cartography. The Babylonians originated the method 
of dividing the earth into 360° according to sun time. 

The ancient Greek civilization made outstanding contributions to 
cartography. Anaximander is credited with making the first map of the 
world in 611 B. C., showing it as a disk because he considered the earth 
a section of an imaginary cylinder in the celestial sphere. Democritus 
developed the concept of latitude and longitude about 400 B. C., and 
Eratosthenes used the principle on a map of the world about 225 B. C. 
showing seven parallels and seven meridians. Eratosthenes also com- 
puted the circumference and diameter of the earth by measuring an are 
in Egypt from Syene to Alexandria. 

Claudius Ptolemy made a map of the world in 150 A. D. using latitude 
and longitude. This was one of the most important maps because it was 
copied, revised, modified, and the basic idea and material utilized for 
centuries. Errors in the degrees of longitude for the Mediterranean Sea 
gave the features of the map a distorted appearance, which was partly 
corrected by Kepler in 1630, but not corrected to the true length of 41° 
until 1700 by Guillaume Delisle. Ptolemy’s map was lost for several 
centuries but was redrawn when his book Geographia was translated into 
Latin in 1410. It was reproduced in quantity in 1475 from an engraved 
copper plate. In 1425 Clavus, a Dane, extended Ptolemy’s map to in- 
clude Greenland, and it is one of the earliest maps of the Arctic region. 
The influence of Ptolemy did not decline until 1822 when Magellan’s 
expedition proved America to be a continent and the world to be round. 

An early map by Gerardus Mercator made in 1538 showed some of the 
influence of Ptolemy, but this influence was not present in 1569 when 
Mereator’s famous map of the world appeared. This map was engraved 
on copper and overcame the long-standing errors of Ptolemy’s map. 
Mereator’s cylindrical projection map is still used extensively. 

The Renaissance brought new advances in cartography. Reproduction 
of maps in quantity was not effected until about 1570, even though maps 
had been printed for nearly a century. The first printed maps were those 
taken from Ptolemy’s Geographia in 1475. A map of Germany made in 


Hi 
co 
de 
co 

the 

in 

eli 
ma 
Inc 
the 
an 
4 ma 
lev 
top 
2 En 
tra 
gra 
of 
pec 
3 for 
bas 
in | 
XV 
all 

24 
she 
sys 
ado 
can 
he» 
usir 
: dest 
T 


INTRODUCTION 


Hanover in 1490 was an early printing from a wood cut. Engraved cop- 
per plates were found to be much better than wood cuts, and the use of 
copper plates continued for over 3 centuries. 

Maps of the Renaissance were brilliant with flourishing scroll and 
decorative work, red-roofed castles and houses, colored trees, and multi- 
colored fruits. Borders or unused portions of the maps were filled with 
monsters, serpents, ships, castles, or scenic features. Maps were hand- 
colored on the printed base until chromolithography was developed about 
the middle of the nineteenth century. . 

Primitive crude maps on bark have been made by Eskimos and Indians 
in North America. Indians have carved directions to water holes on the 
cliffs in the arid part of the United States. Montezuma presented a cloth 
map of his empire to Cortes. The first maps in relief were made by the 
Incas about 1191 A. D. Natives of the Marshall Islands make maps of 
their area using shells for islands and palm leaf ribs for a framework 
and representation of fringing reefs. 

The use of hachures and contour lines to show altitudes of the land was 
one of the greatest advances in cartography of importance to geologic 
mapping. This was suggested by the lines of equal sounding below sea 
level which were placed on maps by early Dutch surveyors. The first 
topographic map was a small one made by David Vivier in 1674 entitled 
Environs de Paris. He used hachures instead of the scenographic por- 
trayal of topography (Encyclopedia Britannica, 1929). The first topo- 
graphic map using contour lines was made by Nicholas Cruquius in 1728 
of a small area along the Merwede River in The Netherlands (Encyclo- 
pedia Britannica, 1929). Philip Buache used the contour-line method 
for a map of the English Channel area in 1737. 

The first official topographic map of France, printed about 1750, was 

based on triangulation by César Cassini, Compte de Thury, and his son 
in 1744 (Thiele, 1938). Cassini and his son were commissioned by Louis 
XV in 1747 to make a map of France which was completed in 1793, but 
all sheets were not printed until 1815. The set contained 160 sheets and 
24 quarter sheets on a scale of 1:86,400. The type of hachures on the 
sheets is transitional between the early pictorial representation and later 
systematic hachuring. The method of contour-line mapping was officially 
adopted in France in 1816, but by 1833 only four sheets had appeared. 
‘ Nicolas Desmarest had a special topographic map drawn of the vol- 
canic area of the Auvergne in order to do his geologic mapping. In 1771 
he placed on this map the location of the various types of lava flows, 
using engraved designs to represent the four types of lava which he 
described. 

The first contour map made in England was one of Perthshire in 1778. 
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The English triangulation system was started in 1783, stimulated by the 
work of Cassini, and the Ordnance Survey was organized in 1791. The 
first map appeared in 1801, but topographic mapping was not officially 
adopted by Great Britain until 1843 (Fordham, 1927). 

Beginning with the early nineteenth century, the development and 
use of contour maps progressed rapidly, and by the end of the nineteenth 
century all of Europe, except Russia, was covered by topographic maps 
of various degrees of accuracy, most of which have been revised, some 
several times. Most of the topographic maps for Europe and other 
foreign areas are produced by the General Staffs of the armies. In con- 
trast most of those of the United States are produced by the U. S. Geo- 
logical Survey in the Department of the Interior. A few other government 
agencies make topographic maps of special areas. The location and sur- 
vey of the vast and relatively unknown natural resources of the United 
States was necessary for and a part of the rapid expansion after the War 
between the States, and the Geological Survey when organized lacked 
essential topographic base maps. Major Powell and his successors found 
it necessary to procure funds for and make the basic maps for the use 
of the field geologists. Contour mapping of the United States is not 
complete, but it has been greatly advanced with the use of aerial pho- 
tography. In the twentieth century, the use of topographic maps for 
geologic, military, engineering and other purposes is very common and 
essential.? 

The International Map on a scale of 1:1,000,000, often called the 
“Millionth Map”, was suggested in 1891 by Albrecht Penck. It was 
proposed to a committee of the International Geographic Congress in 
1908 and was adopted in 1913. The map will have 2084 sheets, of which 
974 will be mostly continental areas. Many of the sheets have been com- 
pleted and are being used as base maps for geologic information. The 
entire continent of South America is complete on the millionth scale. 
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1Raisz (1938, p. 203-213) gives an excellent list and sources of topographic maps available 
throughout the world. 
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SOURCE OF MATERIAL 


Map files, old geologic journals, and publications printed in Europe 
and America furnished most of the information. These were examined 
at the University of Chicago, The Ohio State Vuiversity, Library of Con- 
gress, and the Library of the U.S. Geological Survey. The Map Division 
of the Library of Congress has an excellent file of unattached early and 
recent geologic maps, especially those for United States and western 
Europe. I was fortunate in being able to examine the large number of 
old geologic publications in the James Hall Collection at the University 
of Chicago. About 300 of the 375 or more maps mentioned were ex- 
amined. At the end of references cited are the chief works giving lists 
or descriptions of geologic maps. 

The geologic maps referred to in this discussion are by no means a 
complete list of all the early maps or later ones which might be men- 
tioned. Only those which are significant because of the early date, 
cartographic technique, important contribution to geologic knowledge, 
advances in methodology, or some other particular interest are mentioned. 
The discussion includes maps from all continents, but most of the descrip- 
tion is for maps of Europe and America. Because of the many political 
and boundary changes during the last 150 years, many of the maps are 
of nations whose boundaries or political status have been modified. 


DEVELOPMENT OF GEOLOGIC MAPS IN EUROPE 
GENERAL STATEMENT 


The geologic features on maps prior to 1775 were depicted by symbols, 
line rulings, stippling, letters, and numerals printed in black. The 
earliest geologic map known was made by Abbé Coulon in Paris in 1664 
and appeared in a small volume entitled Les rivieres des France (Mar- 
cou, 1884). Christopher Packe made the first geologic map of English 
origin in 1742 of about 30 square miles near Canterbury in Kent (Zittel, 
1908, p. 35). The map is entitled New philosophy and chronographic 
chart of East Kent. Guettard (1746) made a map of northern France 
and England and (1752) the first geologic map of North America. The 
first geologic map from Germany was issued by Fiichsel (1762). 

Between 1700 and 1750 Johann Scheuchzer, a Swiss professor in 
Ziirich, drew some geologic cross sections of the vicinity of Lucerne which 
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were reproduced in his works. These are the earliest attempts in the 
literature at showing folded strata and mountain structure (Zittel, 1908, 
p. 31). 

The first geologic map in color was made in Germany in 1775 by Gott- 
lieb Glaser. Later, color was combined with symbols and rulings, first 
by Von Charpentier, but color alone grew to be preferred. Water col- 
oring was the chief method used. Contrasting colors were chosen in 
order to give maximum differentiation and distinction of the units 
mapped. Until 1841 all coloring was done by hand, which greatly in- 
creased the cost of publications and restricted the number of copies 
printed. Often boundary lines were overlapped, colors were too dense 
or of poor quality or poorly applied and many of the maps were imper- 
fect, depending on the skill and care of the colorist. 

The English developed the best skill at hand coloring by setting a 
minimum standard and rejecting imperfect work. The maps of Sir 
Roderick Murchison show the effect of these strict standards excep- 
tionally well. A large number of unusually fine hand-colored geologic 
maps, illustrating the excellent technique of the English colorists, were 
published in the Transactions of the Geological Society of London in 
1821; some of these are described later. 

The increased demand for many copies of publications made it neces- 
sary to have large quantities of hand-colored maps. The process of hand 
coloring was too slow and too expensive and new developments resulted. 

Between 1840 and 1870 a great change occurred in the methods of col- 
oring maps. Methods were devised in France in 1841 to print colors 
using patterns cut from tin foil, but the results were unsatisfactory. 


The tin foil was cut to the shape of the area to be printed in a color and — 


then an impression taken. Other patterns were cut for different colors. 
A geologic map by Victor Raulin was the first to be so printed, but 
the colors were dull, and the borders overlapped or failed to meet. A 
map of the Jurassic by Jules Marcou (1848) was similarly printed, but 
it had the same defects, and the method was abandoned. Cardboard 
pieces were used in a similar way by Sonrel, the Swiss lithographic tech- 
nician working for Louis Agassiz. The colors when printed were better, 
but the gaps and overlaps along the boundary lines were not eliminated. 

The process of chromolithography was not satisfactory when first 
tried in Germany in 1842, because the color had an oil base. 

The technique of chromolithography was developed rapidly between 
1851 and 1854. Each color was printed from a separate lithographic 
stone cut with the patterns of each color to be used. The stones could 
be adjusted accurately to eliminate gaps and overlaps. This method be- 
came the dominant process for the reproduction of maps in color, but 
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hand coloring of multiple copies was not entirely abandoned until 1877. 

The geologic map by E. Beyrich (1851) published by the Zeitschrift 
der Deutschen Geologische Gesellschaft, was probably the first geologic 
map successfully and satisfactorily printed using chromolithography. 
In 1854 the Imperial Press of France printed an excellent colored map 
of France, which had been made by Elie de Beaumont and P. A. Dufrenoy 
in 1841, using separate lithographic stones for each color. Marcou’s 
(1855) map of the United States and Logan’s (1855) map of Canada 
were two of the earliest maps chromolithographed in France and are 
very excellent prints. In England, the earliest chromolithograph was 
probably A geological map of the northermost part of America by A. K. 
Isbister (1855, p. 497). This map is poorly executed and much inferior 
to the excellent hand-colored maps typical of the English publications 
of that date. In contrast, the map of the Turkish-Persian frontier by 
W. K. Loftus (1855, p. 247), which occurs in the same volume, is well 
done. The geologic map of Belgium published by Andrés Dumont in 
1855 was chromolithographed in 42 colors and shades, a real masterpiece, 
which required great skill. It was a remarkable production considering 
that chromolithography was still in its infancy. 


FRANCE AND BELGIUM 


Jean Guettard deserves the credit for making the first important con- 
tribution to geologic mapping, though he did not make the first true 
geologic map. In 1746 he noticed that the bands of formations in Brit- 
tany terminated abruptly at the English Channel, and he believed that 
they extended beneath the sea and were continuous into England; he 
drew his map accordingly (Guettard, 1746). Symbols were used for the 
location of mines, quarries, mineral deposits, coal, fossils, springs, and 
rock outerops. Shading was employed to aid in the differentiation of 
the mapped features, as color was not used on geologic maps until 1775. 

Guettard (1752) made the first geologic map of North America, though 
he had never visited the New World. The map is chiefly mineralogic 
with locations of 39 types of reported minerals, rocks, and fossils, and 
the rock formations from Southern Canada to the Rio Grande east of 
the Rocky Mountains. 

The influence of Guettard is important because he stressed geologic 
mapping and his work started other geologists looking for additional 
information which they placed on maps. He may well be called the 
“Father of Geologic Maps” as well as the “Father of Vulcanism”. He 
first recognized the Auvergne area in France as being of volanic origin 
and was followed by Nicolas Desmarest and others in work on that area. 
Guettard expressed ideas regarding stratigraphic geology which were 
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greatly emphasized later by Hutton and Playfair and marked the change 
to what have become the present ideas on stratigraphy. 

Guettard enlarged his area of activitiy and made a geologic map of 
western Europe and then started upon his ambition to publish an atlas 
of France, of which he completed only 29 sheets. Monnett continued 
his work and published an additional 31 sheets in 1780 (Zittel, 1908, 
p. 39). 

In 1810 the celebrated Description géognostique des environs Paris by 
Cuvier and Brongniart (1810) was published with an accompanying 
hand-colored map. This map is important not only as a notable advance 
in the science of geology, but also because it shows a distinct change from 
the Wernerian classification of rock formations. 

About 1813 Jean d’Omalius d’Halloy made a colored map of France 
which was revised later and included in the first edition of his book 
Eléments de géologie in 1822. The second edition (1835) contains a 
splendid hand-colored map of Belgium and France which includes part 
of England, northern Italy, and east to central Germany. This is one 
of the best maps of the early nineteenth century. 

A hand-colored map of the mouth of the Seine River was published 
in England by H. T. de la Bache (1824). 

The best and most accurate map of France was made in six sheets for 
the French government by Elie de Beaumont and P. A. Dufrenoy, and it 
remained the best map for many decades. It was started in 1825 but 
was not issued until 1841 (Dewalque, 1884). The map is much larger 
than the one by D’Halloy and shows details more accurately. A later 
edition was chromolithographed in 1854 by the Imperial Press of France 
and is one of the first maps to be printed by that new method. The map 
was reduced later from six sheets to one sheet in order to appear in the 
book La stratigraphie by De Beaumont and Dufrenoy (1869). This 
issue was reproduced beautifully by color printing and is one of the finest 
examples of all cartography. 

An interesting small hand-colored map entitled Carte du terrain 
erratique de la Vallée de St. Amarin by Edouard Collomb (1846) is 
probably one of the first maps of glacial deposits. It is on a heavily 
hachured base with colors showing the positions of moraines, glaciers, 
and erratics. 

Another interesting map is a lithographic color print of the vicinity 
around Montpellier published by Paul Rouville (1868). Various lines, 
symbols, and stippling were overprinted in red for differentiation of the 
patterns. The same volume contains an attractive print of the French 
subdivision of Constantine in Algeria by M. L. Hardouin (1868) with the 
geology shown by 10 colors. 
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The French publication Annales des Mines has quite a number of 
small maps in early issues. They are not of great importance but some 
of them are listed because they represent early types. 

Carte géologique des districts métalliféres de Najac, de Villefranc, d’Asprieres, 
de la Vallée du Tarn, by Ad. Boisse (1852). 

Carte géologique du Lac Superieur. Etat de Michigan, by J. W. Foster and 
J. D. Whitney (Rivot, 1855, Pl. 6). 

Cartes de l’Ile Royale de la Pointe de Keweenaw et de l’Ontonacon, by J. W. 
Foster and J. D. Whitney (Rivot, 1855, Pl. 7). 

Carte géologique du Pay Messin, E. Jacquot (1857). 


The maps by Foster and Whitney cover the north and south shores of 
Lake Superior and are of interest because they were color-printed in an 
early French publication from the original hand-colored copies published 
in America in 1851. 

A map of France in 36 sheets by C. Vasseur and L. Carez appeared 
in 1885 (U. C.).2, It is a color print, but the base map is so heavily cov- 
ered with railroad, stream, and hachure lines that the appearance is 
poor and usefulness of the map is lessened. Probably the most recent 
map of France is the third edition in 1933 of the map compiled in 1905 
under the direction of Michel-Levy for the Ministry of Public Works. 
The scale is 1:1,000,000, and the dimensions of the map 46 by 48 inches 
(L. C.). 

A complete map of Belgium was published in 9 sheets employing 42 
colors and designs by Andrés Dumont in 1855, with a second edition in 
1878 (L. C.). Each of the 9 sheets is 19 by 22 inches on a scale of 
1:160,000. Dumont also made a geologic map of Europe in 1857 
(Dewalque, 1884). This is in 4 sheets on a scale of 1:4,000,000. Dewalque 
made a geologic map of Belgium in 1875 which was revised in 1903 
(L. C.). A more detailed map of Belgium in several sheets by E. 
Dupont and M. Maurlon appeared from Bruxelles in 1882 (Dewalque, 
1884). In 1920 the Belgian government had geologic maps made in 
sheets on a scale of 1:160,000 (L. C.). In 1932 these were reduced to a 
scale of 1:1,000,000 on sheets 914 by 10 inches by the Institute Carto- 
graphique Militaire and are the most recent maps. 


GREAT BRITAIN 


In England the first geologic map was made by Christopher Packe in 
1743 (Zittel, 1908, p. 35). The most important map of early geology 
was that made by William Smith, the “Father of Stratigraphy” and the 
“Father of English Geology”. This was one of the most remarkable con- 


*Sources of unattached maps examined in files have been abbreviated throughout the text as 
follows: L.C.—Library of Congress, Division of Maps; U.C.—Library of the University of Chicago; 
0.8.U.—Library of The Ohio State University. 
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tributions of the nineteenth century and was the inauguration of a new 
era in mapping. From 1794 until 1801 Smith (1815) made a series of 
small county maps and then incorporated them into a large map of 
England. After much delay this map appeared in 1815 in 15 sheets, 
which covered not only England, but Wales and part of Scotland. Four 
hundred copies were printed, numbered, and most of them autographed 
by Smith. The map was colored by hand with 20 colors and showed the 
location of quarries, mines, and other features by symbols, and all the 
major formations as delineated by fossils and lithology. Each color was 
graded from dark to light tints so that the contrast accentuated the con- 
tact of adjacent beds. A cross section of the strata accompanied the 
map. The engraving was done by the famous John Cary. From 1819 
to 1824, William Smith issued 21 other county maps of England which 
were included in his New geological atlas of England and Wales. 

Early issues of the Transactions of the Geological Society of London 
have a number of small though noteworthy maps. Holland (1811) made 
a small hand-colored map of the Salt series in Cheshire near Liverpool. 
The map is interesting because of its appearance in the first volume of 
the publication of the Geological Society of London. Thomas Webster 
(1814) published two hand-colored maps on the Strata overlying the 
chalk; one of the vicinity of the Isle of Wight and the other of the Lon- 
don Basin. He relates both of them to the study of Cuvier and Bron- 
gniart on the Paris Basin. A small colored map of the Isle of Man by J. F. 
Berger (1814) appears in the same volume. J. S. Henslow (1821) made 
another map of the Isle of Man in discussion of Berger’s work. Berger 
(1816) also made two of the earliest geologic maps of Ireland. One is 
an excellent hand-colored map of northeastern Ireland which includes 
part of western Scotland. A good example of early English hand color- 
ing is a map of Durham and Northumberland in eight light-tinted colors 
made by N. J. Winch in 1814 (1817). 

The 1821 volume of the Transactions of the Geological Society of 
London has an unusual number of excellent hand-colored maps which 
illustrate the early technique of English hand coloring. W. T. H. F. 
Strangeways (1821) published a map of the Karelian Isthmus of Russia 
in eight colors which he had made in 1818, and one on a larger scale of 
the St. Petersburg area to the south. Both these maps and a third one 
by the same author will be discussed later. The map of the island of 
Antigua was made in four colors in 1819 by Nicholas Nugent (1821) and 
is of interest as one of the earliest geologic maps of the West Indies. 

A handsome map of the coal basin of Bristol was made by W. D. 
Conybeare and William Buckland (1824). The map is 14 by 20 inches 
and illustrates especially how 11 colors may be used to give a larger 
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number of patterns by stippling one color with small dots of another 
color. Though different and darker than the usual light tints of most 
English maps before 1855, the map has a very pleasing appearance. 

Richard Griffith made the first sheet of a geologic map of Ireland in 
1815, and other sheets were completed by 1821, but were not printed. 
A new scale was ordered by the Trigonometric Survey in order to be con- 
sistent with other maps, and the sheets were not issued officially until 
1839 though they were exhibited publicly in 1835. However, Griffith 
published the entire map unofficially in his report Outline of the geology 
of Ireland made to the Railway Commission in 1838 (Judd, 1898). 

Conybeare (1816) published a map of northeastern Ireland similar to 
the one by Berger, but on a much larger scale, using Berger’s notes. 
Thomas Weaver (1821) who made a large number of excellent maps, 
published a large map of Hast Ireland (24 by 16 inches, 10 miles per 
inch). Nine colors were used, each of light tint, giving a very beautiful 
and pleasing map. 

Author’s names do not appear on the maps of early issues of Trans- 
actions of the Geological Society of London but may be identified by 
the articles which they illustrate. 

An excellently color-printed geologic map of Ireland was issued in 
1878 by the Geological Survey of Ireland under the direction of Edward 
Hull (L. C.), and a later edition appeared in 1891 (L. C.). The map 
is 28 by 36 inches on a scale of 1:500,000 and was derived from earlier 
work of Richard Griffith and J. B. Jukes. A later map by the Geological 
Survey of Ireland with Grenville A. J. Cole as Director was published 
in 1921 (L. C.). The map is in 16 sheets on a base map of the Ordnance 
Survey with a scale of 41 miles to the inch. A reduced map of Ireland 
by A. M. Davis with printed patterns instead of color appeared as the 
frontispiece of a book by Cole (1924). The latest map of Ireland is 
apparently the one made in 1928 by T. Hallissy on the Ordnance Survey 
base of 1:1,000,000 (L. C.). 

John MacCulloch (1816) published a map entitled Sky which he had 
completed in 1813. It has nine colors on a double page (15 by 9% inches, 
3 miles per inch) and was made on a base map by McKenzie. A new 
map of the same area with the same scale, but with 12 colors, was made 
in 1817 on a better base by Arrowsmith and shows considerable improve- 
ment in map technique and many changes in geology. In 1826 Mac- 
Culloch was appointed the first geologist for the Trigonometric Survey 
and instructed to make the first geologic map of all Scotland. Tt was 
completed in 1832 but was not published until 1835. For a long time this 
was called the Arrowsmith map as the label with MacCulloch’s name on 
it was not attached until later (Judd, 1898). 
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Adam Sedgwick and Sir Roderick Murchison (1835) made a small 
hand-colored map of the part of Scotland north of Edinburgh which was 
presented before the Geological Society in 1828 but not published until 
1835. James Nicol made a new map of Scotland in 1846 revising, aug- 
menting, and improving the map of MacCulloch (Judd, 1898). The excel- 
lent map of Scotland made by Sir Andrew Ramsey in 1854 was one of 
his great contributions to geologic cartography in Great Britain. He 
later served as Director of the Geological Survey of Great Britain. 

The famous map of England and Wales by George Greenough was 
published in six sheets on a scale of 5 miles to the inch, by the Geological 
Society of London in 1819 (Judd, 1898; U. C.). The map was completed 
in 1812 and engraved by Thomas Webster, who was the best geologic 
engraver of that time. Using the work of Conybeare, de la Beche, Buck- 
land, and others, as well as some of his own work, Greenough compiled 
a splendid map which was used for decades. At first he used a great deal 
of the private material of William Smith, as it was thought that Smith 
was not going to complete his long-delayed map. Greenough made a 
much better map than Smith because it was a compilation and composite 
of all known information, while Smith’s map was entirely from his own 
material. This does not depreciate Smith’s map, however, as it was 
excellent. The Greenough map was revised and reduced in scale in 1826 
(15 miles per inch), reached a third edition in 1865, and is still printed 
for use. Greenough was very capable at compilation and made an 
excellent map of India in nine sheets in 1855 using the records of the 
India Geological Survey (U. C.). He founded the Geological Society 
of London in 1807 of which the first publication was issued in 1811. The 
originals of the three famous early maps of England, Ireland, and Scot- 
land by Smith, Griffith, and MacCulloch, respectively, are now preserved 
by the Geological Society of London in the Science Division of the South 
Kensington Museum. 

A small hand-colored map of England and Wales, according to the 
Wernerian classification, appeared in a book by Robert Bakewell (1829). 
Though Bakewell generally followed the Wernerian system, he was for the 
most part neutral on controversial questions. He recognized and ap- 
preciated the work of James Hutton, but continued to cling to his 
Wernerian ideas and omitted recognition of the work of William Smith, 
even as late as 1838. 

In Sir Charles Lyell’s third edition of Principles of Geology (1834), 
volume I contains probably the first published hand-colored map of 
Europe and one of the earliest paleogeographic maps, showing the dis- 
tribution of the Eocene in Europe. In volume IV there is a small map 
of southeastern England showing the Wealden area. In the American 
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edition of Lyell’s book (1841) there is a small hand-colored map of 
Sicily as well as many other hand-colored ones. 

In 1829 Adam Sedgwick and Sir Roderick Murchison (1835) made a 
hand-colored map with cross sections entitled Sketch of the structure of 
the Eastern Alps which was not published until in 1835. This was a study 
chiefly of the Triassic beds and was a starting point for the research of 
others. The sections and the conceptions of tectonics for the Alpine area 
were correct and fundamental even at that early date. Its influence was 
no less important than their later work in Wales and western England 
where the lower Paleozoic stratigraphy was first studied. 

The great classic work of Sir Roderick Murchison, The Silurian system, 
appeared in 1838. It contains nine hand-colored plates with 121 cross 
sections and a splendid geologic map in colors. An additional small map 
shows the Carboniferous paleogeography for England. This book was 
part of the basis for the controversy between Murchison and Sedgwick 
over the lower Paleozoic stratigraphy. De la Beche made a map of 
Devonshire and Cornwall in 1832 and was therefore a few years ahead 
of Murchison’s publication on that area (Geikie, 1897). 

A later volume by Murchison (1853) entitled Siluria contains a beau- 
tiful and minutely hand-colored map with cross sections of England and 
Wales. The map is truly a fitting work of art for the important volume 
and represents the highest development of hand coloring. Two years 
later chromolithography superseded hend coloring. The exactness of 
detail, the uniform coloring, and the lack of overlap along boundary 
lines was a result of the very careful rejection of all imperfect coloring 
on maps of earlier date, so that by 1853 the colorists were truly skillful, 
or they could not be employed. The same beauty of technique is on the 
map of Murchison’s work in the province of Perm in the Ural Mountains 
of Russia, as discussed later (Murchison, 1845). Siluria was reprinted 
in 1867 by chromolithography, but the colors are dark and of poor quality. 
The third edition appeared in 1872. 

The first chromolithographic map of the British Isles was printed in 
John Phillips’ Manual of geology (1855) and reprinted in the second edi- 
tion of 1885. He was a nephew of William Smith and succeeded William 
Buckland as the second professor of geology at Oxford University. Sir 
Roderick Murchison and James Nichols jointly made a map of Europe 
in 1856 in four sheets which was published in Edinburgh as one of the 
early British chromolithographs (Marcou, 1884). Nichols also made a 
new map of Scotland in 1846 revising the map of MacCulloch (Judd, 
1898). A map of the world, still used extensively, appeared in the text- 
book by Joseph Prestwich (1888), who succeeded John Phillips at Oxford 
in 1874. 
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The Geological Survey of Great Britain was organized in 1835 with 
H. T. de la Beche as the head. He was succeeded by Sir Roderick 
Murchison. Sir Andrew Ramsey followed Murchison and made an ex- 
cellent map of England in 1859 which went through five editions by 188]. 
Due to the early efforts of these men and the later work of Sir Charles 
Lyell, Sir Archibald Geikie, J. J. H. Teall, and Sir John Flett, the Geo- 
logical Survey of Great Britain has issued the most excellent series of 
maps up to the present. There are over 400 maps of England and Wales, 
chiefly revisions of earlier surveys, but many of them new. Some of the 
maps have been through 15 editions. Originally the maps were based 
on the Trigonometric Survey, later on the Ordnance Survey. Over 100 
sheets of the new geological map of Scotland on the Ordnance Survey 
base were published by 1933. The first sheet was printed in 1871, revised, 
and reprinted in 1922; other sheets have been revised from time to time. 

A book published by Reed (1921) has a series of page-size black and 
white maps of the British Empire: the Maltese Islands, Egypt, Pretoria, 
South Africa, Canada, Burma, India, Australia, New Zealand, Jamaica, 


and Cyprus. 
GERMANY 


In Germany the first geologic map was made by Fiichsel (1762) to 
accompany his article on the Triassic of Thuringia. He depicted the 
geology by symbols, letters, and numerals. This work laid the founda- 
tion for later stratigraphic geology in Germany and is therefore important. 
J. G. Lehmann is equally prominent for his work in Thuringia. In 1756 
he published several geologic diagrams and cross sections though no 
true geologic map (Zittel, 1908, p. 35). 

The first colored geologic map was made in Leipzig in 1775 by Gottlieb 
Glaser. Three years later Wilhelm von Charpentier made a large geo- 
logic map of an area in Saxony and added to colors additional symbols 
for veins, dikes, and other features (Zittel, 1908, p. 38). This map was 
important because it showed the Quader sandstone and was used as 
reference by many later geologists. 

Abraham Gottlieb Werner did much to develop the art of coloring 
maps. He established the custom of marking the contact boundaries with 
a deeper hue of the corresponding color in order to accentuate the divi- 
sions. This custom is still used and many maps of today are color- 
printed with the deeper-colored boundary lines. 

Von Buch was one of the great geologists of the early nineteenth cen- 
tury and a wide traveler. About 1797 he made a colored map to accom- 
pany his geognostic description of Silesia (Zittel, 1908, p. 85) where he 
had spent his first year after student days. While working on the 
Triassic of South Tyrol he made a map of that area which was published 
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jn 1822. The first colored geologic map of all Germany was compiled by 
Von Buch and published in Berlin in 1826 (Zittel, 1908, p. 464). Von 
Buch edited another map of all Germany in 1832 which was one of the 
best ever issued and went into five editions by 1843 (Zittel, 1908, p. 63). 

A colored map of Thuringia in northern Germany by Johann Freies- 
leben in 1807 was a very carefully executed map and shows quite an 
advance in detailed geologic mapping (U. C.; 1807). Ami Boué, who 
later made the first geologic map of the world, published a series of col- 
ored sketch maps in a paper called Geognostische Skizze von Deutschland, 
dated 1829 (Zittel, 1908). 

The first edition of Geognostische Uebersichtskarte von Deutschland, 
Frankreich, England, und der angrenzenden Laendern appeared in 1839. 
It was a compilation of geologic maps made by Leopold von Buch, Elie 
de Beaumont, P. A. Dufrenoy, and George Greenough. The first edition 
was hand-colored, but the second edition in 1869 by Heinrich von Dechen 
was a chromolithograph (L. C.). The 1869 map is in two sheets (each 
24 by 34 inches) and includes southern England, France, northern Italy, 
and western Poland on a scale of 17 miles per inch. This map was im- 
portant because after its revision in 1880 it continued to be one of the 
best geologic maps of Germany and is still used considerably. The work 
of Von Dechen is of note because his influence secured a systematic geo- 
logic survey of Germany (Elles, 1931). 

Another early map covering all Germany was published in Esslingen 
by Daniel Volter in 1842. This was a large hand-colored map 52 by 55 
inches entitled Geognostische Wandkarte von Deutschland und den 
angrenzenden Lenderne (L.C.). It included the area from Paris to War- 
saw and from Copenhagen to northern Italy on a scale approximately 
1;1,000,000. The earlier map of 1839 was probably used to some extent 
by Volter. 

The first map published in the Zeitschrift der Deutschen Geologischen 
Gesellschaft is a beautifully hand-colored map made in 1849. The 
author’s name does not appear on it, but it must be by E. Beyrich, as it 
illustrates his article (1849). In the same volume Beyrich published 
another excellent hand-colored map called Geognostische Karte der 
Umgegend von Regensburg (P1. 5). Both of Beyrich’s maps are part of 
his excellent work on the Cretaceous. Volume 2 has a well-executed 
hand-colored map entitled Geognostische Karte des nérdlichen Venezuela 
by Hermann Karsten (1850). 

Probably the first geologic map to be printed in color in Europe is 
Geognostische Karte des nérdlichen Harzrandes by E. Beyrich (1851). 
It was printed by Zeitschrift der Deutschen Geologischen Gesellschaft, 
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and has 10 colors giving 23 patterns by the use of ruled lines and stip- 
pling. 

Another early color print is Uebersichtskarte des dstlichen T hiiringer 
Waldes by Von Richter (1851, Pl. 20). This map is unique because of its 
association with two other illustrations which together represent the three 
phases in the advance of geologic map publication. The map immediately 
preceding, by Ernst Boll (1851, Pl. 19), is black and white, with rules 
and symbols, of an area in Mecklenburg. The print following (PI. 21), 
though not strictly a map, is a hand-colored cross section. These il- 
lustrations show respectively, the old, new, and intermediate methods of 
reproduction in quantity. 

Several other maps in early volumes of the Zeitschrift der Deutschen 
Geologischen Gesellschaft deserve mention. A chromolithographic map 
and cross sections of part of Turkey by Von Schlehan (1852) appeared 
in volume 4 under the name Plan der nordkiisten Anatoliens. Volume 5 
for 1853 has two small color-printed maps, one on the Kupferberg area 
in Silesia by Von Websky (1853, Pl. 9) and Uebersichtskarte des Herzog- 
thums Coburg by Von Schauroth (1853, Pl. 15). Ferdinand Roemer 
published a color-printed map on the Cretaceous in Westphalia entitled 
Geognostische Uebersichtskarte der Kreidebildungen Westphalens (1854, 
Pl. I). He later made a large map of Prussia and Silesia in 12 sheets 
and one of upper Silesia in 1867. 

C. W. von Giimbel, who was an authority on the Mesozoic deposits of 
South Tyrol and Bavaria, issued in 1861 a map of Bavaria in five sheets 
dealing with the Alpine Triassic (Zittel, 1908, p. 480). In the paper 
accompanying the map he enlarges upon his idea of the Vindelic Chain 
of the Ancestral Alps. Von Giimbel was prominent in Germany as Di- 
rector of the Bavarian Geological Survey and as a paleontologist. 

Melchior Neumayr (1890) published a very interesting colored map 
of the Alps in his book Erdgeschichte. A series of paintings made by W. 
H. Holmes of scenes in western United States are reproduced in color 
in the same volume. These had first appeared in publications of the 
U. S. Geological Survey (Dutton, 1882) and were reprinted in Germany. 
They are very excellent, being somewhat more distinct than those printed 
in America, but otherwise very similar. 

A geological map of Germany in 27 sheets by Richard Lepsius appeared 
in 1894 (L. C.). The sheets measure 19 by 17 inches and are on a scale 
of 1:500,000. Since 1921 maps of Germany in sheets on a scale of 
1:200,000 have been issued by the Preussischen Geologischen Landesan- 
stalt (L. C.). The sheets of the geologic map of Europe compiled by W. 
Schriel from 1931 to 1937 also serve as an excellent map of Germany, 
and the Justus Perthes map of Europe has a similar value (L. C.). 
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Geologic cartography in Germany became well developed since the 
many problems of the Alpine regions, the complexities of the Mesozoic 
strata, and the mineral deposits gave a great opportunity and stimulus 
for study and required maps to show the geology. Many of the same 
men exerted their efforts in Russia, Austria, and the Balkan States. 


SWITZERLAND 


The Swiss have been prominent in the development of maps on Alpine 
geology. De Saussure, the “Father of Alpine Geology,” made a map of 
his travels in the Alps, using symbols for dip and strike, but it was not 
a true geologic map. He is best known for his writing of Voyages dans 
les Alps (1779). He was the first person to use of the term geology in 
publications, but the term geognosy continued for several decades. 

Ebels (1808) published a paper on the structure of the Alpine moun- 
tain system and accompanied it with a map of the Alps and numerous 
cross sections. The article is important, not only for its early date and 
great value to structural geology, but also because the author did not 
follow the orthodox Wernerian classification of rock formations. His 
observations did not permit structural interpretation according to the 
Wernerian ideas, and he courageously did not follow the existing con- 
cepts. 

A geologic map of Switzerland was published by Bernhard von Studer 
and Arnold Escher von der Linth in 1853 (L. C.). The map is 40 by 30 
inches on a scale of 1:380,000. It is unusually well executed in light colors 
and is an excellent example of the early efforts with chromolithography. 
Without close examination it is difficult to distinguish whether the map 
is a color print or an excellent example of hand coloring. The map was 
reduced one half and reprinted in 1855. 

Maps by J. M. Zeigler and Isadore Bachmann appeared in 1864 and 
1867 (Royal Geog. Soc., 1882). In Ziirich in 1878 Albert Heim published 
two maps, lithographed by himself, of a complicated structural area. 
This famous work is entitled Untersuchungen iiber des Mechanismus der 
Gebirgsbildung (Zittel, 1908, p. 312). 

Geognostische Karte des Sanct Gotthard by Karl von Fritsch in 1873 
illustrates the early combination of contour lines, color printing, and 
ruled and stippled patterns (L. C.). Another map of the St. Gotthard 
area is a set of 10 sheets by F. M. Stapff made in 1885 on a scale of 
1:25,000 showing the geology along the route through the St. Gotthard 
area. A colored profile accompanying the map adds to its interest (L. C.). 
Carte des anciens glaciers de la Suisse, printed in color in 1883, shows the 
lines of flow and the distribution of the extinct glaciers in Switzerland 
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(L. C.). There are four sheets on a scale of 1:250,000, each sheet being 
28 by 20 inches on the inside border. 

A geological map of all Switzerland was made by A. Franke in 1904 
(U. C.). The most recent map of Switzerland appeared in 1932 as 
Einfiihrung zur geologische Wandkarte der Schweiz by Walter Staub 
(L. C.). The map is about 60 by 80 inches on a scale of 1:200,000 and 
has bright heavily printed contrasting colors, much like the maps printed 
by Justus Perthes. 

SOUTHEASTERN EUROPE 

Wilhelm Ritter von Hardinger established the Imperial Geological 
Survey of Austria-Hungary in 1849 (Woodward, 1911). A systematic 
survey was introduced, and by 1871 a geologic map of the empire of 
Austria-Hungary was completed under the direction of Franz Ritter von 
Hauer, who succeeded Von Hardinger. The map is entitled Geologische 
Ubersichtskarte der Osterreichische-Ungarischen Monarchie and was 
printed in Vienna in 12 sheets on a scale of 1:576,000 (L. C.). The print- 
ing was in color with colored ruled lines overprinted to give additional 
differentiation of formations. Part of Italy and a large area of the 
Balkan States then under Austrian rule are included. Work for the map 
was done from 1850 to 1865 with contributions by Franz Foetterle, Fer- 
dinand von Hochstetter, Edmund von Mojsisovies, Melchoir Newmayr, 
and Ferdinand von Richthofen, all of whom published other maps indi- 
vidually, some of which are listed elsewhere. Through the efforts of 
Von Hauer, the Austrian Survey was responsible for a great extension 
and development of paleontology and Alpine geology. The extent of the 
empire of Austria-Hungary of that date accounts for the lack of early 
geologic maps of the Balkan countries. 

The Mountaineering Club of Tyrol and Vorarlberg published a geog- 
nostic map of Tyrol in 1849 (Zittel, 1908, p. 469). Though not of great 
importance, the map is interesting because of its early date and because 
it was published outside the usual geologic channels. 

In 1879 the Austrian Survey published a colored map of six sheets by 
Edmond von Mojsisovies on the dolomite reefs of South Tyrol (Zittel, 
1908, p. 250). A special geologic map for military use was printed in 
Vienna in 1898 by the Austrian Survey, under the direction of Guido 
Stache (L.C.) The entire map contains 460 sheets and includes the 
greater part of southeastern Europe under Austrian rule. 

An early geologic map of Turkey in Europe and part of Greece (about 
17 miles to the inch) was made by G. Palma in 1814. A map of part of 
southeastern Bulgaria by G. Bontcheff was printed in 1903. The Minis- 
try of Business and Agriculture published in Sofia a colored map by 
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Lazar Vankov of the Principality of Bulgaria in 1905 (L.C.). A colored 
geologic map of Albania on a scale of 1:200,000 by Ernst Nowack and 
Franz Nopesa was issued by the Albanian government from 1922 to 
1924 (L.C.). In 1931 a colored map of Czechoslovakia (30 by 13 inches, 
scale 1:1,250,000) was issued in Atlas de la République Tchécoslovague 
(L.C.). 


RUSSIA 


W. T. H. F. Strangeways (1821) published the first map on Russia. 
This was entitled Map of the River Vora and Lake Souvando, and it 
covered the Karelian area in southeastern Finland. The map is page 
size (914 by 714 inches) with eight colors in light tints. In the same 
volume he published a large-scale map of St. Petersburg and vicinity in 
four colors (1821a). Both maps are excellent examples of hand coloring. 
The first map of all of European Russia was completed by Strangeways 
in 1821, but not published until later (1824). The map is 25 by 18 inches 
and includes the southern parts of Norway, Sweden, and Finland up to 
Lat. N. 65°. No scale is given, but it is about 100 miles per inch. 
Twenty-one color combinations are used, but there are broad areas on 
the map without color which are labelled boulders and gravel that today 
would probably be mapped as glacial material. Areas mapped as sand 
hills also appear without color. Strangeways did not present the map as 
a completed work because he called it a sketch to serve as a basis for 
a geological map of Russia. 

The famous work of Murchison, De Verneuil, and Von Keyserling in 
Russia appeared in 1845. Murchison went to Russia in 1841 and with the 
others worked out the stratigraphy of the Permian system in the Ural 
Mountains. The report was published in England and contains the 
finest hand-colored geologic map examined and is probably one of the 
finest of all time (Murchison et al, 1845). Minute patches of gold repre- 
sent deposits of gold, and one has to examine the map very closely in order 
to determine whether the map is hand-colored or chromolithographed. 
Not only is the map excellent, but the geology is shown in much detail, 
and the map is reported as still dependable in most of its details. Another 
map of Russia was made by Murchison, Von Gelmerson, and Muller on 
a scale of 1:7,350,000. The date is not given, but as it is a chromolitho- 
graph it probably appeared about 1855-1860 (L.C.). 

An excellent hand-colored map of the mining districts of Russia was 
issued in 1849 (L.C.). The map also includes Finland, Norway, Sweden, 
and part of the Balkan area. A map of the Caucasus was published by 
K. Koch in Berlin in 1850 and one of the Crimea by T. B. Jervis appeared 
in 1855 (Royal Geog. Soc., 1882). Valerian de Moller published a 
chromolithographic map of the portion of Russia west of the Ural Moun- 
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tains in 1869 (L.C.). The map measures 18 by 47 inches with a scale 
of 1:840,000. An excellent color-printed map of Russia compiled from 
several sources appeared in 1892. 

In 1897 the Seventh International Geological Congress met in St, 
Petersburg, and the Committee issued a handsome colored map of 
European Russia to accompany the guidebook. The book also contains 
several maps of smaller areas printed in black and white. 

A colored map of Russia in 139 sheets was printed between 1884 and 
1904 by the geologic committee of the International Congress (L.C.). 
D. V. Nalivkin compiled a map of European Russia on a scale of 
1:7,000,000, which was printed in St. Petersburg about 1903 (L.C.). In 
1922 the Comité Géologique issued a map of Asiatic Russia which in- 
cluded most of European Russia. The map measures 34 by 26 inches 
and has a scale of 1:10,500,000 (L.C.). The most recent maps on 
Russia are in a folio by the U.S. 8. R. for the Seventeenth International 
Geological Congress, which met in Moscow in 1937. 


SCANDINAVIA 


The map of West Gothland made by W. Hisinger in 1797 is thought 
to be the earliest geologic map of any part of Sweden and is also one of 
the earliest of all geologic maps. East Gothland and other areas were 
mapped by Gustaf Hermelin from 1797 to 1807 (Zittel, 1908, p. 117). 

The Geological Survey of Sweden was organized in 1858, and that of 
Finland in 1865. These organizations initiated a systematic co-ordinated 
geologic survey, and the maps were issued continuously until the entire 
area was completed. The first sheet of the Sveriges Geologiska Under- 
sdkning was a chromolithograph issued in 1861. By 1933 over 170 sheets 
of the geologic map of Sweden had been issued, many of them being 
revisions. Much of the mapping was done by A. Erdman, Albert Blom- 
berg, and Gerard de Geer. 

Among the geologic maps of special interest is one of eastern Sweden, 
15 by 9 inches, on a scale of 1:200,000. It was printed in 1870 on a very 
heavy paper or light cardboard with a red overprint and symbols for the 
differentiation of formations (L.C.). 

A map of the geology in southeastern Sweden was printed in 1884 on 
a scale of 1:1,000,000 in two sheets, each 23 by 30 inches (L.C.). A map 
showing the glacial moraines over all Sweden was published in 1898 with a 


scale of 1:2,000,000 (L.C.). A map for all Sweden was issued by the 
Sveriges Geologiska Undersékning in 1901 (L.C.). It was printed in two 
sheets, each 24 by 23 inches, with heavy bright colors. The scale is 
1:1,500,000. 
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Early maps of the geology of Finland may be seen on the Russian maps 
issued before Finland became independent. A recent map of Fennoscan- 
dia (9 by 10 inches) was published by J. J. Sederhdlm (1932). 

A map entitled Geologisk Karte over det Sondenjeldske Norge for 
southeastern Norway was made between 1858 and 1865 by B. M. Keilhau 
for the Norwegian Department of Interior (L.C.). It is in 10 sheets, each 
17 by 18 inches, and is printed on a light cardboard base in dull colors. 

The Norge Geologiske Undersogelse published its first colored sheet 
in 1869. All sheets for the country were completed or nearly so by 1899. 
In 1877 the Norwegian survey issued a map entitled Geologisk Oversigt- 
skart over det Sydlige Norge (L.C.). This was printed in Christiania on 
a scale of 1:1,000,000 and has light-tinted colors with a very fine stippled 
appearance as if the ink had flocculated, but such does not lessen the 
attractiveness of the map. The same map was revised in 1915 and 
reprinted with a more uniform register of color (L.C.). 

A geologic map of southern Norway was compiled by Charles Lapworth 
from the works of Th. Kjerulf, W. C. Brégger, and H. Reusch (L.C.). 
It is published in color in 1890 by the Edinburgh Geographical Institute 
for use on a geological excursion to Norway. The map measures 13 by 8 
inches on a scale of 32 miles to the inch. It is an excellent example of 
color printing. 

A colored map of Denmark entitled Carte géologique de Danemarc was 
made by G. Forchhammer in 1865 (L.C.). The geology is shown on a 
base map 35 by 44 (scale 1:480,000) made by Olsen in 1857. The copy 
seen was hend-colored and had the legend written in longhand. One of 
the most recent maps of Denmark was made by J. P. J. Ravin in 1922 on a 
scale of 1:5,000,000 (L.C.) 


MISCELLANEOUS EUROPEAN MAPS 


Information on maps of other countries in Europe is difficult to find. 
The empire of Austria-Hungary in southeastern Europe explains the lack 
of maps of countries which later became independent. 

W. C. H. Staring published a geologic map of Netherlands in 1858 
(L.C.) and a later one in 1867 (Royal Geog. Soc., 1882). Italy was not 
unified until the latter part of the nineteenth century. The maps of 
central Europe by Heinrich von Dechen in 1839 and 1869 and by Daniel 
Volter in 1842, as mentioned previously, show Italy north of Florence. 
An early map of Italy and adjacent areas (24 miles per inch) was pub- 
lished in Paris by H. de Collegno in 1846 (Royal Geog. Soc., 1882). In 
1863, L. Torelli published in Florence a large-scale map of the western 
part of Tuscany (Royal Geog. Soc., 1882). The Italian Geographical 
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Survey issued a map of Italy (scale 1:1,000,000) by several authors in 
1881 and a more recent one in 1931 (L.C.). 

One of the earliest maps known was one of the Pyrenees Mountains 
made by Abbé Palassou in 1782 (Zittel, 1908, p. 102). The map is in 
eight sheets with the information, chiefly mineralogical, shown with sym- 
bols. In 1849 E. P. de Verneuil and E. Collomb made a map of Spain 
and Portugal. A colored map of Spain and Portugal in 16 sheets by 
Manuel Fernandes de Costro was published by the Ministry of Works 
in 1889. Each sheet is 21 by 30 inches on a scale of 1:400,000 (L.C.). 
The 16 sheets were reduced to a scale of 1:1,500,000 on a single sheet 
25 by 34 inches and reprinted with a much better color register in 1893 
(L.C.). A small colored geologic map of Spain and Portugal is in the 
Enciclopedia Universal Illustrada (1924, vol. 21). The best recent map 
of Spain and Portugal was made in 1932 by Luis de la Pejfia y Braiia, 
and printed in Madrid by Instituto Geologico y Minero de Espajia (L.C.). 
The map is on a scale of 1:1,000,000 in four sheets each 30 by 22 inches. 
The same map was reissued on a scale of 1:1,500,000 in 1934 but it has 
poor color, poor engraving, and is in every way inferior. 


CONTINENTAL EUROPE 


The hand-colored map of Europe in Lyell’s (1834) Principles of geology 
was probably the first published. Another early one by Sir Roderick 
Murchison and James Nichols appeared in 1856 (Marcou, 1884). It rep- 
resents the first map of Europe printed by chromolithography. A geolog- 
ical map of Europe (about 200 miles per inch) by H. Habenicht was 
printed in Gotha in 1876 (Royal Geog. Soc., 1882). Another one by 
William Topley and J. G. Goodchild, under the direction of Joseph Prest- 
wich, was printed in London in 1888 by the Oxford University Press 
(L.C.). The map measures 2214 by 171% inches and is on a scale of 150 
miles to the inch. The colors are dark and some colors are overprinted 
with stippling or ruled lines. A smaller map in solid color on a scale of 
250 miles to the inch, printed by Stanford of London, was probably 
derived from the map of Prestwich (L.C.). 

Most of the nations of Europe had geologic maps completed by 1850 
but all with different scales and color schemes. Revisions and new ones 
were combined at the end of the century into Carte géologique interna- 
tionale d’Europe (1:1,500,000) on which a standard color scheme was 
used. 

An excellent color-printed map of Europe with a transparent over- 
print showing structural lines was made by F. Beyschlag and W. Schriel 
in 1925 (U.C.). The detail is excellent, and it is a very convenient map, 
because of the size; about 18 by 24 inches. The large geologic wall map 
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of Europe (79 by 64 inches, scale 1:3,000,000), compiled by Richard 
Rein and printed by Justus Perthes, is a very excellent map with heavy 
contrasting colors characteristic of that printer (L.C.). The new large- 
scale map of Europe being compiled by W. Schriel for the International 
Geological Congress is incomplete. The map is in sheets 20 by 19 inches 
on a scale of 1:1,500,000 and until the start of the war in 1939 was being 
color-printed in Berlin by the Preussischen Geologischen Landesanstalt. 
The sheets printed to date were issued from 1931 to 1937 (L.C.). This 
is a revision of an earlier map by Beyschlag completed in 1913. A small 
map of Europe 81% by 13 inches, exclusive of the northern half of Scan- 
dinavia and Russia, was printed in Bartholomew’s (1936) atlas on a 
seale of 1:15,000,000. An excellent small map of central Europe with 26 
colors on a scale of 1:3,500,000 was compiled by Von Kocher from the 
international map of Europe and published in Andrees’ atlas (1930). 


MAPS OF ASIA 


A small uncolored sketch map of Japan was published by, Godfrey 
(1878) with his paper Notes of the geology of Japan. A year later under 
the leadership of E. Nauman, the Imperial Geological Survey of Japan 
was organized with T. Wada as the director (Zittell, 1908). Probably 
the first map issued by the new geologic survey was one made by B. 8. 
Lyman, Chief Geologist, and others in 1882 (L.C.). The map measures 
42 by 68 inches on a scale of 1:60,000 and shows mineral and oil locations 
without the use of color. The Survey issued a complete map of Japan 
in colors in 1899, which was reprinted in 1926 (O.S.U.).. A map of the 
Japanese Empire on the international scale of 1:1,000,000 in 15 sheets 
was printed in 1902 (L.C.). Under the directorship of Inouye, the Survey 
published in 1911 a colored map of the Japanese Empire made by 
Kinosuhe (L.C.). The legend and title are in English and Japanese, as 
are many other Japanese maps. The five sheets are each 24 by 22 inches 
with a scale of 1:2,000,000 and were printed in Tokyo. The map is of 
interest as an example of Japanese lithographic work. The second 
edition was issued in 1922. Also from 1911 to 1916 a set of geologic maps 
on a scale of 1:400,000 was printed for parts of Japan. From 1921 to 
1931 still larger-scale maps were printed in color on scales from 1:15,000 
to 1:30,000 (L.C.). These are on contoured base maps and show in more 
detail some of the oil land of Japan 

Pumpelly made a Hypothetical map of China which was published in 
1866. He had traveled extensively in China and probably knew more 
about the geology of China than any other man of his time. He indi- 
cated the lack of information by entitling the map a hypothetical one. 
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Willis (1907) presented several colored geologic maps, colored isostatic 
adjustment maps, and paleogeographic maps in his book on research in 
China. 

The National Geological Survey of China was initiated in 1917 shortly 
after the arrival of Amadeus Grabau, and maps and information on China 
began to appear in quantity. A number of new maps have appeared 
since 1920, all by Chinese geologists, and many of them on the “Millionth” 
international scale. Many of the provinces are covered with contour maps 
made in the last 10 years by the direction of the General Staff of the 
Chinese Army, and with these geologic mapping can advance rapidly. 

A colored geologic map of Asiatic Russia and most of Russia in Europe 
was issued in 1922 by the Thirteenth International Geological Congress 
held in Brussels. The map is 26 by 34 inches on a scale of 1:10,500,000 
(L.C.). The Congress also issued in 1922 a tectonic map of Eurasia made 
by Emile Argand which was reprinted in 1928 but was reduced to 
1:25,000,000 from 1:8,000,000 of the original (L.C.). An excellent colored 
map of Russia in Asia by a dozen or more authors was published in 6 
sheets in 1925. This map Carte géologique de la partie asiatique de 
V’'Ursas was issued with French and Russian legends and titles (O.8.U.). 
A similar map for Turkestan was published by the Comité Géologique 
of the International Geological Congress in Leningrad in 1928 (OS.U.). 
It was compiled by V. N. Weber and D. Nalivkin in 1925 from maps by 
severa! authors, and has a scale of 1:6,800,000 on a sheet 40 by 30 inches. 
Twenty colors supplemented by overprints give 32 divisions. The colors 
are dark and contrasting but give a very good general appearance. 

Several colored maps of Mongolia by C. P. Berkey and F. K. Morris 
(1932) appeared in volume II of the Central Asiatic Expedition under 
Roy Chapman Andrews. 

A geological map of parts of Bundelcund and Boghelcund in India was 
published in England by Capt. James Franklin of the Bengal Cavalry 
(1835). The Indian Branch of the Trigonometric Survey was established 
in 1811, and the Geological Survey of India was organized in 1848 with 
John McClelland as the first director. He was succeeded in 1850 by 
Thomas Oldham formerly of the Irish Branch of the Trigonometric 
Survey. A large hand-colored map of the entire Peninsula of India was 
compiled from maps of the Indian Survey, records, and other sources 
by George Greenough in 1855 (U.C.). This was an important contri- 
bution, as it was the first map of all India. A geologic map of the west- 
ern part of Nagpur Territory in central India was published by S. Hislop 
and R. Hunter (1855). This was one of the early chromolithographs 
printed in England and it poorly registered with dark and imperfect 
colors. An early map of western India and southeastern Arabia was 
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published by H. Carter in Bombay in 1857 (U.C.). In 1877 a colored 
map of all India in four sheets on a scale of 64 miles to an inch was issued 
by the Geological Survey of India. The map is of interest since it was 
engraved and printed in Calcutta (L.C.). The textbook by Dosabhai 
Wadia (1939) contains several black and white geological and structural 
maps of various parts of India which were taken from maps made by 
several men and from the records of the Geological Survey of India. A 
large wall map of India and adjacent areas, 84 by 76 inches, was printed 
in 8 sheets with a scale of 32 miles to the inch in 1931 by the Geological 
Survey of India. This was the fifth edition and is prebably the most 
recent map of India (L.C.). 

One of the early color prints was a map of part of Turkey entitled Plan 
der nordkiisten Anatoliens by Von Schlehan (1852). A geologic map of 
the Turkish-Persian frontier by W. K. Loftus (1855), as mentioned be- 
fore, was published in London. P. A. Tchihatchef published in Gotha 
a geologic map made in 1866 of parts of Asia Minor (Royal Geog. Soc., 
1882). 

Over 72 sheets of geologic maps of Java have been issued by the 
Netherlands government within the last ten years. The sheets are 
1444 by 1414 inches measured on the border lines and have a scale of 
1:100,000. Similar maps for Sumatra on a scale of 1:200,000 have also 
been made (L.C.). 


MAPS OF AUSTRALIA AND NEW ZEALAND 


Many maps of Australian geology were issued by the geological sur- 
veys of the Australian states. The first ones are grouped from 1872 to 
1875. A map of Western Australia by H. Y. Brown was published in 
Perth in 1872 and a map of Victoria (15 miles per inch) by R. B. Smythe 
appeared in 1873 (Royal Geog. Soc., 1882). R. B. Smythe also made a 
map of Australia and Tasmania (94 miles per inch) which was published 
in Melbourne in 1875. Another map of Victoria was made by H. Y. 
Brown in 1888 and was followed with one by R. A. F. Ramsey and James 
Stribig in 1902 (U.C.). A map of New South Wales was published in 
London in 1873 by Jules Joubert (Royal Geog. Soc., 1882). In 1931 
Sir Edgeworth David published a complete map of all Australia, Tas- 
mania, and New Guinea from a compilation of all preceding maps and 
his own work (U.C.). 

A year before the Geological Survey of New Zealand was established, 
Von Hochstetter (1864) published an altas of geologic and topographic 
maps of New Zealand. James Hectar published a map of New Zealand 
in Wellington in 1873 (Royal Geog. Soc., 1882). Many more recent 
maps have been issued by the Geological Survey of New Zealand. 
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MAPS OF AFRICA 


Early maps of parts of Africa include two of Nubia by G. Russegger 
printed in Stuttgart, and one of Angola made by J. B. d’Andrade in 1858 
(Royal Geog. Soc., 1882). The one of northern Nubia is dated 1843 
and southern Nubia 1846. 

Andrew G. Bain (1852) published what is believed to be the first 
geologic map concerning South Africa. This was chiefly of the southern 
tip of Cape Colony. Another early map is an excellent color print of 
Natal made by Greisbach (1871). Much geologic work had been done 
by private companies before 1852, and since then there have been many 
maps of small areas by private companies dealing with diamond, gold, or 
other economic deposits. 

Before the union of the British South African colonies, the Geological 
Survey of Cape Colony issued from Capetown many excellent color- 
printed geologic maps. Sheet 1 appeared in 1907, and sheet 52 in 1908, 
most of the work being done by A. M. Rogers, Alexander du Toit, and 
L. Swartz (O. 8. U.). 

A small map of South Africa appeared in the book by Hatch and 
Corstorphine (1905). Alexander du Toit (1926) published a splendid 
small colored map of South Africa to accompany his book on the geology 
of South Africa. It was reduced to a scale of 1:5,000,000 from the In- 
ternational Map of South Africa and shows the area from the Zambesi 
River to the border of Angola. The book contains many other small 
geologic maps in black and white. Du Toit published the second edition 
in 1937. 

Over 150 sheets of geologic mapping on the International scale of 
1:1,000,000 had been issued up to 1937 from Pretoria by the Geological 
Survey of South Africa. These were mapped chiefly by or under the 
direction of Alexander du Toit and 8S. H. Houghton (O. S. U.). 

A colored geologic map of Africa in several sheets was printed in 1932 
for the International Geological Congress. The map was compiled by 
W. Schriel and printed by the Preussischen Geologischen Landesanstalt 
(L. C.). 

Other published maps of Africa include the Belgian Congo by F. 
Kelhaye and M. Sluys in 1923, Angola by F. Morita and H. O’Donnel 
in 1933, and several color sheets made by the Survey Department of 
Egypt in 1910 (0. S. U.). 


MAPS OF BRITISH AMERICA 


One of the earliest maps of British America was made of the north 
shore of Lake Huron in 1820 by J. J. Bigsby (1821) and published in 
the American Journal of Science. The map is very small, hand-colored 
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in green and brown, and crowded on a half page with other illustra- 
tions at the rear of the volume. Bigsby (1824) made a larger and more 
detailed map of the same area which was published as a fold-in sheet 
by the Geological Society of London. 

Another early hand-colored map was for a part of Nova Scotia by C. T. 
Jackson and Francis Alger (1828). This was followed by one of the 
same general region by A. Gesner (1836) and others by J. W. Dawson in 
1845, 1847, and 1855. Gesner’s name appears as author on the light- 
tinted hand-colored map published by Dawson (1845) on which Dawson 
has inserted some additional mapping done in New Brunswick. 

McCormick (1824) published a map of Newfoundland with geologic 
symbols in black. Later ones on Newfoundland were made by J. B. 
Jukes in 1842 and 1843, and others by Alexander Murray appeared 
from 1861 to 1881 (Marcou, 1884). Many other more recent maps of 
the Maritime Provinces have been made, but the chief interest in this 
discussion is in the older maps. 

Bigsby (1851) made a very early glacial map of North America show- 
ing the trails of erratics from Canada into the United States. He also 
published an early map of the Lake of the Woods area (1852), and of the 
province of Quebec (1853). A geological map of the northernmost part of 
America by A. K. Isbister (1855) was one of the first geologic maps 
produced by color lithography to appear in an English publication. It 
was very poorly executed with overlaps and gaps in color and far 
inferior to the exceilent hand-colored maps which were typical of English 
publications up to this date. In contrast, the same publication has a very 
commendable color print of Sketch map of the Turkish-Persian frontier 
by W. K. Loftus (1855). 

The first outstanding map of Canada as a whole was published by 
W. E. Logan in 1855. It was made to accompany the Canadian exhibit 
at the World’s Fair in 1855 in Paris. The map includes about half of 
northern United States (Logan, 1855). Logan (1852) had published an 
earlier map, but it covered only the eastern portion of Canada. Under 
the leadership of Logan and Dawson the greater part of Canada was 
covered by numerous geologic maps before 1880, and since that time many 
large-scale maps have been issued and old ones revised. (See Geographical 
Board under bibliography of source books and catalogues.) 


MAPS OF MIDDLE AMERICA 


The following is a list of some of the early geologic maps of Middle 
America: 


1821 A map of the island of Antigua made in 1819 by Nicholas Nugent (1821) 
1821 Map of Barbadoes by J. D. Maycock (1821) 
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1829 Map of the eastern part of Jamaica by H. T. de la Beche (1829) 

1838 Map of the vicinity of Zinopan in Mexico by H. G. Galeotti (1838) 

1846 Map of the copper region of Cuba by R. C. Taylor (1846) 

1850 A very interesting colored map of Panama was made by an unknown 
author for the benefit of the goldseekers going to California, possibly in 
the hope of detaining a few for gold prospecting in Panama (Marcou 
1884) 

1855 Map of Nicaragua by F. Ferrer. (See Library of Congress, 1904, under 
bibliography of source books and catalogues.) 

1865 First geologic map of Guatemala and Salvador by August Dolfuss and 
Eugene Montserrat (Marcou, 1884) 


The geology of Mexico and Central America may be observed on the 
colored map of North America prepared by Bailey Willis for the Inter- 
national Geological Congress held in Mexico City in 1906. The map is 
approximately 60 by 80 inches on a scale of 1:5,000,000 aa.a is printed in 
French (L.C.). The U. 8. Geological Survey map of North America com- 
piled in 1911 by Stose and Willis is a revision of the same map (L.C.). 


MAPS OF SOUTH AMERICA 


Maps of South America are well listed by Marcou (1884) and Sullivan 
(1922). Some of the early and outstanding maps are discussed. 

Probably the first map on South America was a small map by M. de 
Rivero on the Pasco mine area in Peru. It was made in 1827 in five 
colors and reprinted in the American Journal of Science (Rivero, 1830). 
Another early one was made in 1839 on the southern part of Antioquia 
Province, Colombia, by Carl Degenhardt (1839). 

Early geologic mapping in Chile is well represented. Ignace Domeyko 
published in 1840 an uncolored map, 7 by 4 inches, of a small area near 
Coquimbo. The map is on a scale of 10 miles to an inch, and patterns 
of line rulings differentiate the areas. A larger more important map of 
most of Chile was made by Ignace Domeyko (1846) entitled Carte Géo- 
logique et minéralogique du Chili. The map is 7 by 18 inches on a scale 
of 1:8,000,000 and is not colored but has ruled patterns. Two years later 
he made another interesting page-size map of the vicinity of Coquimbo 
showing the ancient shore line of the Pacific Ocean during the Tertiary 
(Domeyko, 1848). This is one of the earliest paleogeographic maps of 
South America. Associated with it are a number of sketches and cross 
sections. 

The geologic maps and the extensive report of D’Orbigny (1843) on his 
travels in South America are a classic publication. It contains the first 
maps of this portion of the Andes which are important because of the 
structures shown and the difficulties encountered in exploring and mapping 
the mountainous area. D’Orbigny’s explorations were carried on from 
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1826 to 1833, but the maps were made from 1835 to 1838. Map I shows 
Uruguay, most of Argentina to the Andes, and part of Patagonia from 
about Lat. 31° to 48° S. This map was made in 1838 and is 18 by 19 
inches. The light-tinted hand coloring deserves special note. Color has 
been applied so uniformly over large areas that brush strokes are not 
observable. Colored cross sections are the second part of the illustrations. 
Map III is 20 by 27 inches and shows the geology of Argentina from Lat. 
97° to 31° S. on a scale of about 14 miles per inch. It was made in 1835 
and shows the same excellent hand coloring as the other maps. D’Or- 
bigny also made a map of Bolivia on a scale of 1:1,600,000. Map X made 
in 1842 is a geologic map of all South America about 12 by 19 inches. 
The lower right-hand corner has four small maps showing paleogeography 
which are the first known of that type for South America. 

The colored map of Bolivia, part of Chile, and southern Peru made 
by David Forbes (1861) includes about half of Chile when it was part 
of Bolivia. Forbes’ work corrects some parts of the maps by D’Orbigny. 
It was printed page size (4 by 7 inches) on a scale of 1:7,000,000. Pissis 
(1873) published a fold-in map 7 by 17 inches of northern Chile. The 
map is on a scale of 1:5,000,000 from Lat. 12° to 23° S. and is hand- 
colored with 11 attractive light tints. A large colored map of Chile in 
13 sections was made in 1873 for the Chilean government by Pissis 
(Marcou, 1884). 

Geologic maps of Brazil have been made by several men (Branner, 
1919). Claussen (1841) made some hand-colored diagrams and cross 
sections of the now famous gold area in Minas Geraes Province which 
were published in Belgium. Pissis (1848) made a map of the Minas 
Geraes area and a larger map of southeastern Brazil in the same year. 
One of the best early maps showing Brazil (scale 1:15,000,000) is a map 
of South America made by Franz Foetterle in 1854 and published in 
Vienna under the direction of Wilhelm Haidinger (Branner, 1919). The 
same map on a scale of 1:25,000,000 was published in Gotha (Foetterle, 
1856). O. A. Derbey made a map of Brazil on a scale of 1:90,000,000 
for Wappaeus’ Geographia physica do Brasil (1884). A map of all 
South America by G. Steinmann published by Justus Perthes shows the 
geology of Brazil on a small scale (Berghaus, 1892). A large map, 
73 by 2314 inches, on a scale of 1:12,000,000 was published in 1908 by the 
Sociedade Nacionale de Agricultura de Brazil (L.C.). One of the best 
maps of Brazil was published in six divisions in Bolivia by Theodoro 
Sampaio (1911). 

The best map of Brazil was published by Branner (1919). The scale 
is 1:5,000,000 on a sheet 36 by 39 inches with 13 colors excellently printed 
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with good register. All of Brazil is shown except for a large uncolored 
area in the west-central part south of the Amazon River. 

One of the earliest maps of Venezuela is a hand-colored one of the 
northeastern part made by Hermann Karsten (1850). S. P. Wall (1860) 
published a small map (8 by 11 inches) of Venezuela and Trinidad in the 
Quarterly Journal of the Geological Society of London. One of British 
Guiana by J. G. Sawkins (1871) appeared in the same journal. A 
geologic map of Ecuador appeared in the Nouvelle géographie universelle 
of Elisée Reclus (1893). 

Several maps of the entire continent of South America have been 
published. The earliest one by D’Orbigny in 1843 and the two by Foet- 
terle in 1854 and its revision in 1856 have been mentioned. Martin de 
Moussy (1873) published a map of South America in Paris (15% by 
191% inches on a scale of 1:17,000,000). A map of the southern part of 
South America made by Du Toit (1927) includes the area between Lat. 
14° to 39° S. and Long. 38° to 72° W. on a scale of 1:5,000,000. This 
area includes Uruguay, Paraguay, and portions of Brazil, Argentina, 
Chile, and Bolivia. 

WORLD MAPS 


The first geologic map of the world was made in 1843 by Ami Boué 
and entitled Carte géologique du globe terrestre (Marcou, 1884). It is 
very generalized due to the lack of information. The English edition 
of Boué’s map appeared in Johnston’s (1855) Physical atlas of natural 
phenomena. A geologic map of the coal strata of the world was made 
by Taylor (1848). 

As far as is known, Edward Hitchcock (1853) was the first in the 
United States and the second person in the world to make a geologic map 
of the world. Hitchcock combined Boué’s map, the map of the United 
States made by Marcou in 1853, and Lyell’s 1845 map of Europe and 
published the compilation in his book Outline of the geology of the globe. 
A map of the United States and Canada, probably derived from Marcou’s 
map, also appears in the same book. The maps were reprinted in the 
second and third editions. 

A geologic map of the world in eight sheets made by Marcou in 1860 
was the best map for many years. It was reproduced to accompany the 
book La terre by Reclus (1868). The first edition was not seen, but the 
second edition (1871) had eight sheets each 18 by 25 inches on a scale of 
1:23,000,000 based on the Mercator projection. The map is colored, and 
the titles are in French and English (L.C.). From 1876 to 1878 Marcou’s 
map was reprinted in English, French, German, Russian, Italian, and 
Hungarian editions of the book by Reclus. 
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H. B. Milner’s map printed by Stanford in London in 1921 is one of 
the most recent maps of the world (L.C.). It appears unfinished as there 
is no printing on it except the legend. Place names, boundaries, and all 
matter that generally appears on a base map are absent. 

The large wall map Geologische Karte der Erde printed by Justus 
Perthes is one of the best known geologic maps of the world (L.C.) and 
was prepared by Richard Rein for Physikalische Wandatlas by Hermann 
Haack. The map is in eight sheets, each 32 by 20 inches with a scale of 
1:20,000,000. The colors are heavy and printed with the contrast char- 
acteristic of Justus Perthes’ maps. 

The Prussian Geological Survey published in 1935 in Berlin a geologic 
map of the world made by Franz Beyschlag in 1929-1932. This is in 12 
sheets each on a scale of 1:15,000,000 (L.C.). 

A small map of the world appears in Bartholomew’s Oxford advanced 
atlas (1936). The map is only 1814 by 81% inches and on such a scale that 
the colors indicate only geologic periods. 

In 1932 the International Geological Congress sponsored a new geologic 
map of the world on a scale of 1:5,000,000. W. Schriel was assigned to the 
compilation of it, and the printing was assigned to the Prussian Geological 
Survey. Only a few sheets—chiefly for Africa—of the 80 sheets were 
completed by 1939. The appearance of future sheets will depend on the 
conditions after the current war. 


DEVELOPMENT OF GEOLOGIC MAPS IN THE UNITED STATES 
FIRST PERIOD, 1809-1842 

The first geologic map of any portion of North America was published 
in Paris by Jean Guettard (1752). His map includes the area east of 
the Rocky Mountains from the mouth of the Rio Grande to slightly above 
the Arctic Circle. The map is 10% inches long by 12% inches wide, and 
though no scale is given it is about 310 miles per inch. An insert in the 
lower right-hand corner shows the St. Lawrence River area on a larger 
scale. Map symbols locate 39 types of deposits such as iron, silver, pyrite, 
copper, clay, talc, schist, granite, lead, quicksand, oil, and fossils. 

An almost exact copy of Guettard’s map was printed in English in 1757 
in volume I of the Literary Magazine (L.C.). The title of the reprinted 
map is A map of North America showing the places where metals, numer- 
ous fossils, and medicinal waters are to be found. Labrador is named 
New Britain, Riviére de Hays is called Nelson, and many other place 
names are changed or omitted. The insert on Guettard’s map is absent. 
A reproduction of this map was published in London by Fuller (1760) 
to illustrate a book of travel. 
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An anonymous map made about 1750 portrays two interesting geologic 
features, though the map itself is not geologic (L.C.). “Sea Coal” is 
indicated near “Quemahonning” east of the present Pittsburgh and near 
“French Margaret” east of the present Coshocton, Ohio. The name 
“Mouskinoome” is interesting as the origin of the present name for the 
Muskingum River. “Sea Coal” was a term used in Europe for Welsh 
coal transported from Bristol by sea, and the term was used similarly for 
coal found in America. 

Although not geologic maps, some of the early maps of the colonies are 
interesting because of the geologic information on them (Bloom, 1937- 
1938). The map of Connecticut made by Bernard Romans in 1777 shows 
some hills with “mines” above them, north of Simsbury, near the Massa- 
chusetts line, a few miles west of the Connecticut River. The mines are 
reported to have been used as prisons during the Revolutionary War. An 
early map of Kentucky made by John Filson in 1784 has “a fine Lead 
Mine” noted at the base of the sheet on a spot between the Green and 
Cumberland rivers. Many salt licks and springs are also indicated on the 
map. On the northern part of a map made by Bernard Ratger in 1769 
and revised in 1778, which includes New Jersey, is printed the name “Ster- 
ling Iron Works.” This was the source of the iron for the great chain 
placed across the Hudson River during the Revolutionary War. A map 
of the United States in 1783 by Abel Buell has the term “Extensive Beach 
ridge” in the central part of what is now Ohio. Today this is recognized 
as a glacial moraine. The same map has “Coal” indicated south of the 
Ohio River at the mouth of the Muskingum River. A map of Virginia 
and adjacent areas compiled by Thomas Jefferson in 1787 has “coal” 
and “freestone” located near the present Hocking River (then the Hoch- 
hocking) in southern Ohio. 

The history of geology in America is considered to have begun with 
the map of eastern United States by William Maclure (1809; L.C.). The 
geologic information was overprinted on a base map of the United States 
by Samuel G. Lewis and then hand-colored. The rock formations were 
classified according to the Wernerian system, because Maclure had been 
a student of Werner. The map measures 2114 by 17 inches and includes 
the area east of the Mississippi River from Florida to the Great Lakes. 
The same map was reprinted in France by De la Métherie (1811; L.C.). 
Because of his place in early American geology, Maclure has been called 
the “William Smith of America.” 

A revised edition of Maclure’s map, on a new base by John Melish, 
was issued in 1818 (L.C.). The geologic subdivisions are hand-colored 
and placed on a much better base closely resembling modern engraved 
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maps. The State boundaries and mountains are more distinct, and more 
detail is shown by the location of towns and Indian areas. This map is 
smaller than the original, being 17 by 13 inches with about 1 inch repre- 
senting 93 miles. 

Parker Cleaveland reproduced Maclure’s map with his own modifica- 
tions in the first geologic textbook to appear in America (1817; 1822). 

Reproductions of Maclure’s original map may be seen in a reduced 
form in Merrill’s (1906; 1927) books on the history of American geology. 

Edwin James, the geologist for the Long Expedition, published a map 
in 1822 which showed the area west of the Mississippi River to the 
Rocky Mountains. This map continued to be the most reliable map for 
that area during the succeeding 2 or 3 decades (Merrill, 1927). 

A number of small hand-colored maps appeared in the early volumes 
of the American Journal of Science organized in 1818 by Benjamin Silli- 
man at Yale University. These maps are of interest because of their 
early date and their appearance in an American journal. Two maps by 
Edward Hitchcock (1818) appear in volume I: one of western Massa- 
chusetts along the Connecticut River and another of northwestern Massa- 
chusetts. A map of J. F. and 8. L. Dana on the vicinity of Boston is 
reported to be in the same volume but was not found (Merrill, 1906). 
Volume 3, issued in 1821, has a small half-page map of the northwestern 
shore of Lake Huron by J. J. Bigsby. Zachariah Cist (1822) published 
a map showing the range of anthracite coal formations by means of 
dashed rulings. 

Hitchcock made an important contribution to the advance of American 
geology when he published his paper on the Triassic formations of the 
Connecticut River valley (1823). The map accompanying it will be 
described later in discussion of Hitchcock’s work on maps. The 1824 
volume of the American Journal of Science has another map by Hitchcock 
(1824) of Martha’s Vineyard. 

John Finch (1824) published a small map of the area around Easton, 
Pennsylvania, in 1824. In the same volume Chester Dewey (1824) of 
Williams College published a map of western Massachusetts adjacent to 
the area mapped by Hitchcock. 

The map of the gold area in south-central North Carolina by Elisha 
Mitchell (1829) is one of the few maps having the old Wernerian classi- 
fication, which was being abandoned about that date. A later map, still 
continuing the use of the Wernerian classification, and therefore of inter- 
est, is On watercourses, and the alluvial and rock formations of the 
Connecticut River valley made by Alfred Smith (1832). The same vol- 
ume contains a map by Edward Hitchcock which is the first geologic 
map of an entire State. 
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The map of the Pasco mine area in Peru made by M. de Rivero in 1827 
was reprinted in the 1830 volume of the American Journal of Science 
(Rivero, 1830). 

A geological map of the United States, known as the Hinton map, was 
printed in London in 1832 (L.C.).. The base map (15 by 10 inches, no 
scale) includes all the United States, but the colors representing the 
geology did not extend far beyond the Rocky Mountains and stopped at 
the Red River boundary of Mexico. The map is important in extending 
geologic mapping beyond the Mississippi River, but it is chiefly after 
Maclure’s maps and continues the obsolete Wernerian classification of 
rock formations. 

Featherstonehaugh in 1834 made a colored geologic cross section from 
New Jersey to Texas and included with it a map of the traverse. Though 
not strictly a geologic map, the cross section was an important contribu- 
tion and was one of the first in America to have the Murchison system of 
nomenclature for rock formations. Featherstonehaugh’s work (1835) 
was the first to be done by the direction of the United States Government. 

The first geologic survey by a State was inaugurated in North Carolina 
by Denison Olmstead in 1824. A year later, South Carolina followed with 
Lardner Vanuxem as State Geologist. These surveys did not continue 
long and should not be considered as true functioning surveys. Massa- 
chusetts was the third State to organize a survey and the first to make 
important contributions to the advance of geologic knowledge. Edward 
Hitchcock initiated this survey in 1830 and published the first State map 
of Massachusetts two years later (1832). Next, Tennessee established 
a State survey, and Gerald Troost, the State Geologist, issued a map of 
the State in 1839. 

Fifteen State geological surveys were organized before 1840. These 
organizations produced a large number of maps during the following 
years, although some of the surveys were discontinued. Other states or- 
ganized new surveys, and several of the old ones were revived after 1840 
(Merrill, 1920). The colored map of South Carolina by Oscar Lieber was 
issued in 1855 during the third reorganization; until the 1932 map of the 
United States, it was considered the best map for most of the State, 
although many other maps of smaller areas in South Carolina had 
appeared. Elisha Mitchell published the first geologic map of North 
Carolina in 1842 as part of his textbook for students (Merrill, 1906). 

Edward Hitchcock was a pioneer in American geologic cartography 
and one of the best early geologists. His first contribution was a hand- 
colored map and cross section of western Massachusetts along the Con- 
necticut River (1818). Another one on northwestern Massachusetts was 
published in the same year. A geologic map completed by Hitchcock 
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in 1822, in connection with the first work in America on the Triassic 
beds of the Connecticut Basin, is one of the most important maps of early 
American geology (Hitchcock, 1823). This map is 7 by 21 inches on a 
scale of 7 miles per inch, is hand-colored with 15 patterns, and has other 
marks such as stippling and rulings for differentiation of the beds. An- 
other small, but interesting contribution is Hitchcock’s (1824) map of 
Martha’s Vineyard. 

Hitchcock made a geologic map of the entire State of Massachusetts 
during 1830 and 1831. This map is of outstanding interest because it 
was the first map to accompany the first publication by an active State 
geological survey and, according to Hitchcock (1832) it was the first map 
covering an entire State. The map has five colors, 18 patterns, and nine 
colored symbols for ore localities. Pleasing light tints are used, and 
markings or stippling on each of the colors provide additional patterns. 
The scale is 7 miles to 1 inch on a sheet 18 by 28 inches. A revision was 
made in 1833 and a final one in 1841 (Hitchcock, 1841). 

The work of Hitchcock extended into the second period of develop- 
ment in the United States which started about 1842. One of his con- 
tributions during the later period was a geologic map of the United States 
and Canada. This was published in 1853 and accompanied a map of the 
world in his book outlining the geology of the globe (1853). His later con- 
tributions of a dozen or more maps were chiefly of small areas or revisions 
of earlier maps. 

The mantle of Edward Hitchcock fell on his son, and from 1861 to 
1878 C. H. Hitchcock published more than 15 maps of parts of New 
England, chiefly Maine and New Hampshire. The map of the United 
States made with W. P. Blake in 1872 was one of his most outstanding 


contributions (L.C.). 
SECOND PERIOD, 1842-1867 


About 1842 American geology had advanced into a youthful stage 
during which many of the major foundations of geology in America were 
established. The old Wernerian classification of rocks was abandoned, 
the concepts of Murchison and Lyell were developed, and the geologic 
maps were based on these concepts. Most of the maps made during this 
period display the results of geologic work fundamental to our modern 
geology. Many of the maps were so accurate that only minor changes in 
boundaries and names of formations have been necessary. During the 
second period many maps were made in all parts of the country, chiefly 
of small areas, States, or portions of States. Some illustrate articles; 
others were for coal, iron, lead, and zine deposits; and many were State 
geological survey maps. During this period there was a transition from 
hand-colored maps to color printing by lithography. 
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Chromolithography for geologic maps was introduced in America in 
1854 by Bowen and Company of Philadelphia when they printed a map 
of the Pennsylvania coal fields made by R. C. Taylor (Marcou, 1884). 
Taylor is credited as the first in America or Europe to construct a geologic 
model, which, of course, is a three-dimensional type of map. The model 
was made in 1841 to show the coal fields of Pennsylvania. 

J. H. Colton and Son of New York printed a color lithograph of Map 
of Alabama made by Michael Tuomey in 1855 (Marcou, 1884). Marcou 
states that this is the first chromolithograph made in the United States, 
but Taylor’s map antedates it. 

Color printing was not used extensively in America until after 1867 
when the maps of the Hayden, King, and other United States surveys 
were published. 

The map of New York State by Hall et al. appeared in 1842. This map 
is hand-colored and in four sections, each done by one of the authors who 
had been assigned a section of the State. The map is one of the first in 
the second period of development in the United States. 

The geologic map of the Upper Mississippi Valley made by Owen in 
1839 was printed in 1845 by the Federal Government (Owen, 1845). 
Though the work was done before 1842, the character of the work as well 
as the date of publication place it in the second period of development. 
Owen’s map is one of the earliest on American mineral areas and the 
second map made under commission of the Government. It is hand- 
colored, with several cross sections showing the Illinois-Wisconsin area 
of mineral deposits. The map is notable because of the results achieved 
in a little over 2 months of field work. Owen received his commission in 
August and was required to complete the survey by winter. He so effec- 
tively organized the assignment that he covered the whole area of 11,000 
square miles in 2 months and 6 days. 

Owen (1846) made a map of the Ohio Valley in 1842 which was pub- 
lished in England sponsored by Lyell. Owen shows the distribution of the 
Paleozoic rocks remarkably well, and few major changes have been made 
in the area, though much of the detail has been revised. The Illinois coal 
basin and the Cincinnati Arch are well outlined. 

James Hall used the map by Owen to a great extent in making his 
map of the same area in 18438 (L.C.). Hall’s map (32 by 23 inches on a 
scale of 8 miles to 1 inch) includes the area from Connecticut to the 
Mississippi River and from Mackinac Straits to about the Tennessee 
State line. The colors are light tints, well applied, and are in great con- 
trast with the poor appearance of another map of the same area made 
during the same year by Byram Lawrence. The Lawrence map was 
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lithographed in Boston, but other information concerning it is unknown 
L.C.). 
A geologic map of the United States and Canada by Lyell (1845) ap- 
peared in his book on travels in the United States during 1841 and 1842 
(L.C.). The map by Hall was one of the chief sources for Lyell’s map. 
Lyell’s map is a very important one because it is the first map of the 
United States to be based on a non-Wernerian classification. The map 
(20 by 15 inches on a scale of 130 miles to the inch) is hand-colored with 
rulings and stippling and is detailed, especially in the central part where 
the information from Owen’s and Hall’s maps was available. The geology 
is not shown beyond the continental divide along the Rocky Mountains, 
but areas as far north as James Bay and Cape Breton are included. 

The work of Jules Marcou in the field of geologic cartography was very 
extensive, not only in the making of maps, but also in the study and col- 
lection of maps. Few have delved as deeply as he into the history of 
geologic maps, and his list of maps (Marcou, 1884) is a very important 
contribution. During 1852, he made a map of the United States and 
British Provinces east of the Rocky Mountains which was printed and 
hand-colored in Boston (Marcou, 1853). The two copies examined were 
poor with smeared blotchy colors (L.C.). The area mapped is similar 
to that mapped by Lyell in 1845, but more geology to the west is included. 
The sheet is 34 by 23 inches with a scale of about 100 miles per inch. 

A review of Marcou’s publication and map of the United States (Dana, 
1854) criticized him severely for conceit, audacity, and ignorance. Though 
the map was largely a compilation, chiefly from Lyeli’s map, and had 
many inaccuracies based on questionable and inadequate information, 
it served a useful purpose. 

In 1853, while still in his twenties, Marcou was appointed U. S. Geologist 
to the Whipple Expedition for the survey of a route for a railroad from 
the Mississippi River to the Pacific Ocean. Starting from Boston he made 
the trip across the United States to Los Angeles. Due to a misunder- 
standing with Jefferson Davis, then Secretary of War, he was not allowed 
to publish his report, and his notes were taken from him. However, in 
1855 he published in Paris an account of the trip and a complete geologic 
map of the United States made from memory, personal notes, and use 
of his map of 1853. This was among the first chromolithographs printed 
anywhere and has a beautiful color register (Marcou, 1855a). Eight 
colors are used, but 12 patterns are obtained by colored overprints of 
ruled lines and dots. The scale is 180 miles to the inch, and the sheet 
is 24 by 16 inches. A colored cross section from Ft. Smith, Arkansas, to 
Los Angeles appears at the top of the map. Although inaccurate, it was 
the first United States map showing the geology to the Pacific Coast. A 
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German edition was printed at Gotha (Marcou, 1855), and an English 
one at Ziirich (Marcou, 1858) with a few slight changes, chiefly in color 
arrangement. Marcou (1884) made additional maps of parts of the 
United States and published maps of small areas of Nebraska in 1863, 
of California in 1875, and of Arizona in 1877. 

Early maps of the Lake Superior mineral deposits were made by C. T. 
Jackson, J. D. Whitney, and J. W. Foster. An excellent hand-colored 
map of the Keweenawan iron district of Michigan was made by Jackson 
(1849) under a Congressional act of 1847. Whitney and Foster (1850) 
completed a series of colored maps of the copper area, and a year later 
(1851) a series on the iron deposits of northern Michigan. Some of the 
same maps were published in France, as mentioned previously (Rivot, 
1855). 

In 1851, Owen, Norwood, and Whittlesey (1852) surveyed a large area 
in Iowa, Wisconsin, and Minnesota, including the north and south shores 
of Lake Superior. The map is well made, hand-colored, and has a number 
of excellent cross sections of a panoramic type, also in colors. The strata 
in the hills of the background are colored where the rock formations 
underlying the hills were known, so that the panorama of the topography 
gives a three dimensional appearance. 

The gold rush of 1849 was one cause for a map of the California gold 
area made by Tyson (1850) and published by the Federal Government. 
It was also published privately (1851). 

Blake (1855) drew a series of maps on California geology as part of 
the report of the Williamson Survey for the Pacific railway. In 1856 
Blake published a strip map showing an area 50-100 miles wide along the 
35th parallel, from Ft. Smith, Arkansas to Los Angeles. This was along 
the route of the Pope and Whipple Survey for the Pacific railway 
(Whipple, 1856). Blake was never in the area but made the map from 
notes taken by Marcou, who was geologist for that expedition in 1853. 

Five maps of the United States were published in the 10 years between 
1845 and 1855. The one by Edward Hitchcock (1853) appeared the 
same year as the one by Marcou (1853). Both men utilized the earlier 
map of Lyell (1845). Another map by Marcou and one by Rogers ap- 
peared in 1855. Both were chromolithographed, and it is not known 
which is the first color-printed map of the United States, but since the 
one by Marcou was printed in Europe, Rogers’ map is the first United 
States map to be colored-printed in America. 

The map by H. D. Rogers was compiled for the American edition of 
Johnston’s atlas (1855). It is entitled Geological map of United States and 
British North America and it includes nearly all of North America from 
Newfoundland to the Gulf of Tehuantepec. The map shows much more 
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detail than the 1853 map of Marcou and is probably much more accurate. 
The sheet is 2414 by 2014 inches with a scale of 165 miles to the inch. 
A colored cross section from Niagara Falls to the Atlantic Ocean is 
included. 

In 1857 James Hall and J. P. Lesley made a Map illustrating the several 
geological features of the country west of the Mississippi River which was 
compiled from the Emory Survey (1857), the Pacific railroad survey 
(Blake, 1855), and other sources. The map is not as good as the Rogers’ 
map, and a duplicate, dated 1858, is very poorly colored (L.C.). Both 
copies are hand-colored (23 by 20 inches) with the scale not shown. 

The author of the Colton Geological map of the United States of 
America is not indicated on the map. It was drawn, engraved, and 
printed in 1867 by G. W. and C. B. Colton and Co. of New York for 
John P. Morton and Co. of Louisville, Kentucky (L.C.). The color 
register of the map is not good, but the patterns are quite distinct, and 
on the whole it is an outstanding map. The scale is 250 miles to the inch 
on a sheet 13 by 8 inches. This was one of several maps of the United 
States placed on exhibition at the 1938 meeting of The Geological Society 
of America in New York. 

F. V. Hayden, one of the pioneer geologists in the West published a 
geologic map of Nebraska (1857) dealing with the formations along the 
Missouri River from the mouth of the Platte to Fort Benton. He made 
several other maps covering the same general area from 1858 to 1867. 
The publications by Hayden in 1867 followed by other reports and maps 
of the Federal geological and geographical surveys mark the end of the 
youthful period of development of geology and geologic maps in the 
United States. 

From 1842 to 1867 a large number of geologic maps of small areas 
in North America appeared which need not be mentioned here. Nearly 
all of them are listed by Marcou (1884). Most of them were based on 
reconnaissance data. The development of geologic exploration was not 
rapid due to the lack of transportation, hostile Indians, and the absence 
of topographic maps. In most cases, base maps of any kind were lacking. 


THIRD PERIOD, 1867-PRESENT 


The initiation of the Federal surveys in 1867 marks the beginning of 
the third period of the development of geologic maps in the United States. 
After the Civil War, expansion to the westward necessitated a survey of 
the area for settlement, for location of mineral deposits, and for the new 
transcontinental railway. For the first time geologists were put at the 
head of the surveys where they could direct and organize the work from 
a geological viewpoint. Until this time geologists merely accompanied 
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a topographic or exploring expedition and were directed by military 
officers. The expeditions were for a definite mission or along a given 
route so that no opportunity was presented for seeing other than that 
along the line of march. Many of the early geologists were surgeons 
attached to the organization, and their geological training and activity 
were incidental though often utilized. Surgeons were often chosen with 
their additional ability as geologists in mind. The distinct change in the 
organization of the Federal surveys opened the way for rapid advance- 
ment of the science, and geologic maps and writings appeared in rapid 
succession. 

F. V. Hayden was one of the first to be connected with the Federal 
surveys. His report and map of the Yellowstone area in 1869 led to the 
establishment of the first National Park (Hayden, 1869). This map 
(42 by 27 inches) is hand-colored and includes the basin of the Yellow- 
stone and upper Missouri rivers and their tributaries from central 
Nebraska to west of the Rocky Mountains on a scale of 19 miles to the 
inch. The base map was one made by the War Department in 1859-1860. 

The first map of the United States Geological and Geographical Survey 
of the Territories appeared in 1875 (Hayden, 1875-1882). From then 
until 1882 other geologic maps of that survey by W. H. Holmes, F. M. 
Endlich, A. C. Peale, A. R. Marvine, C. A. White, and F. V. Hayden were 
published. The geological and geographical atlas of Colorado and por- 
tions of adjacent territory published in 1877 was one of these. 

The Survey west of the 100th meridian under Wheeler (1875), the Ex- 
ploration of the Colorado River of the west under Powell (1875), the 
Survey of the 40th parallel under King (1876-1878) and the Survey of 
the Rocky Mountains under Powell (1877) added to the rapidly mounting 
list of maps from 1875 to 1879. 

A geological map of the United States was compiled for the ninth 
Census by C. H. Hitchcock and W. P. Blake in 1872 (L.C.). The scale 
is 90 miles per inch, on a sheet 33 by 21% inches. The printed colors are 
deeply tinted, brilliant but well matched, and give a splendid though 
very contrasting appearance. Gaps and overlaps of color occur, and 
the shades of color are slightly different on two copies examined. The 
map is well detailed especially west of the Rocky Mountains which hereto- 
fore had been broadly generalized on more or less scant information. It 
was the best map of United States until 1884 and represents a transition 
to the period of more accurate maps based on information of the U. 8. 
Geological Survey. 

By 1879 it was desirable and necessary to unite the several government 
surveys, and so the U. S. Geological Survey had its birth with Clarence 
King as the first director. J. W. Powell succeeded him a year later. 
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The Second Annual Report by Powell (1882, p. 49-54) contains a set 
of color charts, prepared by Bailey Willis, designated for use on all 
geologic maps. From that time on definite, regular, uniform sets of 
maps were issued. The Geological Atlas of the United States in the 
form of folios was inaugurated, and the development of color printing 
advanced rapidly with advancement of the Survey. By 1885, areas 
covered by 46 folios were mapped, though the first folio did not appear 
for sale to the public until 1894. The Geological Survey had issued 
106 folios by 1904, at which time a slight change was made in the color 
scheme. The revised arrangement is still used for all folios and colored 
maps printed by the U. S. Geological Survey. 

The first geologic map of the United States published by the U. 8S. 
Geological Survey was made by McGee (1885) in 1884. It was color- 
printed with a scale of 110 miles to the inch. This is another outstanding 
and important map and was one of those exhibited by the Library of 
Congress at the New York meeting of The Geological Society of America 
in 1938. McGee (1893) compiled another map entitled Reconnaissance 
map of the United States showing the distribution of the geologic systems. 
It was derived from data of the Survey and was printed in color over a 
base map (100 miles to the inch) with contour lines. 

Bailey Willis compiled a geologic map of the United States in 1903 and 
data from it was included on a preliminary map of North America in 
1906 (U.C.). The map of 1906 was reprinted in French for the Inter- 
national Geological Congress held in Mexico City in 1906 (L.C.). The 
final map of North America, revised from the preliminary one by 
Willis in 1906, was prepared by G. W. Stose and Bailey Willis in 1911 
(Willis, 1912). Each of the four sheets are 30 by 40 inches on a scale of 
1:5,000,000. A reduction of the map was printed as a fold-in in the text- 
book by Pirsson and Schuchert (1924). The Geological Society of 
America has authorized the publication of a geologic map of North 
America, revised by G. W. Stose and Bailey Willis from their earlier 
map. It is probable that this will be ready for distribution in 1943. 

The most recent map of the United States was prepared by G. W. Stose 
and printed in four sheets by the U. 8. Geological Survey in 1932 shortly 
before the meeting of the Sixteenth International Geological Congress 
in this country. 

Several glacial maps of portions of the United States and Canada were 
made prior to 1881, the one by Bigsby (1851) probably being the earliest. 
The first map showing regional glaciation is probably the small uncolored 
one by Shaler and Davis (1881). Chamberlin’s maps (1883) of northern 
United States are thought to be the earliest glacial maps with color over- 
prints showing the extent of the ice sheets. Maps by Warren Upham 
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(1895) and Frank Leverett (1902) are good examples of early color- 
printed glacial maps. Antevs (1929) published a large set of uncolored 
glacial maps for North America and other parts of the world. Many 
other glacial maps have been made since the turn of the century and are 
readily available in the literature. 

A large glacial map of North America to be printed in colors is now 
being prepared by a group of prominent glacial geologists in Canada 
and the United States. It will be published in the near future by The 
Geological Society of America. 

Before the U. 8. Geological Survey was organized topographic maps 
of the United States were few. The need for topographic maps by the 
field geologists made it necessary for the U. S. Geological Survey to 
procure funds and make the basic maps. When these began to appear 
geologic maps became more accurate, the field data was easier to place, 
and maps appeared in rapid succession. 

After 1880 the progress of geology and geologic mapping was so rapid 
that it would require a large volume to list the hundreds of high-class 
maps published by State surveys, by individuals, by government surveys 
over the world, and by the various geologic journals of America and 
foreign countries. The advance of petroleum and mining geology and 
the utilization of geologists by private companies has resulted in an 
enormous number of maps, most of which are retained for private use 
and rarely published. The systematic color and pattern introduced in 
the folios of the Geologic Atias of the United States, has been followed 
in most of the maps printed by the U. 8. Geological Survey and by 
other publishing organizations in America. The result has been uniformly 
high-class geological maps too numerous to describe in detail. 

Until the U. S. Geological Survey developed its own plant for map 
reproduction the contracts for lithographic work were scattered among 
various firms whose excellent early work may be seen in many of the 
publications from 1868 to 1894. The colored maps of the Federal Surveys 
from 1869 to 1879 are excellent examples of the early lithographic tech- 
nique before the organization of the U. S. Geological Survey. Several 
splendid detailed colored maps by Emmons and Becker in the Second 
Annual Report (Powell, 1882) illustrate the early maps published by 
the U. S. Geological Survey. 

The chromolithographs of two of W. H. Holmes’ beautiful color paint- 
ings in Monograph 2 of the U. S. Geological Survey (Dutton, 1882), 
though not geologic maps, merit attention. The reproduction in color 
of the Kanab Desert (Pl. 21) and Zion Canyon (Frontispiece) made in 
1880 are splendid examples of the early art and technique of lithographic 
printing and are a tribute to the pioneer lithographic work of T. Sinclair. 
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Julius Bien of New York also reproduced a color sketch by W. H. Holmes 
showing the Garden of the Gods and Pike’s Peak which appears in 
Hayden’s report of 1878, published in 1883. A number of the same 
paintings by Holmes were reproduced in Germany and appeared in 
Neumayr’s Erdgeschichte (1890). 

In 1890, the U. S. Geological Survey originated its own map repro- 
duction plant, now known as its Division of Engraving and Printing. 
Since its organization this plant has followed the old German process of 
copper-plate engraving for most of its standard geologic maps and folios. 
By this process the three basic topographic features—culture and letter- 
ing, drainage, and contours—are engraved on three separate copper plates 
for printing in black, blue, and brown, respectively. Geologic boundaries 
and letter symbols indicating formations are engraved on a fourth copper 
plate for overprinting in black, and such geologic features as faults and 
dikes are engraved on a fifth copper plate, for overprinting in a separate 
color, usually red. None of the printing is done from the copper plates, 
but the images are transferred to lithographic stones or metal plates, from 
which the actual printing is done in flat-bed or cylindrical presses, each 
color requiring a separate stone or plate. Various patterns are pulled 
from engraved plates and lithographic stones and transferred to proper 
color-printing stones or plates. 

Each of the four sheets of the geologic map of the United States, printed 
in 1932, contained an average of 28 colors and required 28 printings. On 
some colored maps, such as land-classification maps, different tints are 
secured by combinations of colors, but this is seldom attempted on 
geologic maps where perfect registration of very narrow color bands is 
required. The 1932 geologic map of the United States compiled by Stose 
is considered the most perfectly registered map that has ever been 
printed and testifies to the beauty, technique, and accuracy of the pres- 
ent methods of printing. The geologic map of Belgium compiled by 
Andrés Dumont in 1855 was printed by hand in 42 colors and probably 
represents one of the best accomplishments of old hand printing. 

The multicolored geologic maps of the present are the finest that can 
be produced, but many of them are little better than some of those printed 
at the close of the nineteenth century. This is a tribute to the technicians 
of that date and not a depreciation of the present technicians. The 
preparation of plates, methods of printing, the quantity printed, and the 
speed of production have been greatly improved. Line rulings, symbols, 
and stippling have been in continuous use. Those methods of representa- 
tion are much less expensive to reproduce than color and with modern 
improvements are very satisfactory. 
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Data for geologic maps were secured on foot, horseback, canoe, boat, 
or wagon, and now by automobile and airplane as well. With the de- 
velopment of airplanes and photography, geologic mapping has taken a 
new significance. Wide areas may be covered rapidly and accurately, 
eliminating extensive topographic surveys. More regions which were 
inaccessible will be mapped as the need develops. However, the geologist 
must visit the areas which are seen from the air, in order to examine 
fossils, minerals, and types of rock formation that cannot be identified 
except at close range. 


LIST OF MAPS OF THE UNITED STATES 


1752 Jean Guettard, with English reprints and modifications in 1756 and 1760 

1809 William Maclure, eastern United States, revised in 1811 

1817, 1822 Parker Cleaveland, modified from Maclure 

1818 John Melish, Maclure’s map re-engraved and improved 

1832 Hinton, after Maclure, but extended to the Rocky Mountains 

1845 Sir Charles Lyell, modified from earlier maps, a new classification used 

1853 Jules Marcou, covered as far west as the Rocky Mountains 

1853 Edward Hitchcock, compiled from earlier maps 

1855 Jules Marcou, first map of the entire United States, printed in Europe 

1855 Henry Rogers for Johnston’s Physical atlas of natural phenomena 

1857 James Hall and J. P. Lesley, west of the Mississippi River 

1867 Colton and Co., author not indicated 

1872 C.H. Hitchcock and W. P. Blake, for the Ninth Census 

1881 C.H. Hitchcock, wall map 13 by 8 feet 

1885, 1893 U.S. Geological Survey, compiled by W J McGee 

1903 U.S. Geological Survey, compiled by Bailey Willis 

1906 U.S. Geological Survey, compiled by Bailey Willis, a preliminary map of 
North America, also printed in France for the International Geological 
Congress held in Mexico City 

1912 U.S. Geological Survey, compiled by Bailey Willis and G. W. Stose: final map 
of North America 

1932 U.S. Geological Survey, compiled by G. W. Stose: map of the United States 

In preparation: 


Glacial map of North America 
New geological map of North America 


LIST OF OUTSTANDING AND SOME OF THE MOST INTERESTING 
GEOLOGIC MAPS 


1664 First map by Abbé Coulon 

1743 First map in England by Christopher Packe 

1746 First map in France by Jean Guettard 

1752 First map of America by Jean Guettard 

1762 First map in Germany by Christian Fiichsel 

1771 Map of the Auvergne region with the early use of contours by Nicholas 
Desmarest 
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LIST OF OUTSTANDING GEOLOGIC MAPS 


First hand-colored map by Gottlieb Gliiser 

First map of United States by an American, William Maclure 

Map of the Paris Basin by Georges Cuvier and Alexandre Brongniart 

Map of France and Belgium by Jean d’Omalius d’Halloy 

Map of England and Wales by William Smith 

Map of northeastern Ireland by J. F. Berger 

Most widely used early map of England by George Greenough 

First map of any part of Russia by W. T. H. F. Strangeways 

Map of Antigua, first map of West Indies by Nicholas Nugent 

Map of Triassic in Connecticut Valley by Edward Hitchcock 

Map of European Russia by W. T. H. F. Strangeways 

Early map of South American area by M. de Rivero 

First map by a State survey (Massachusetts) by Edward Hitchcock 

Map of Germany by Leopold von Buch 

Early paleogeographic map and early map of Europe by Sir Charles Lyell 

Structure of the eastern Alps by Adam Sedgwick and Sir Roderick Murchison 

First map of all Scotland by John MacCulloch 

First map of all Ireland by Richard Griffith 

Map of the Silurian system by Sir Roderick Murchison 

Map of Germany and central Europe by Heinrich von Dechen 

Complete map of France by Elie de Beaumont and P. A. Dufrenoy 

Map of the Ohio Valley by D. D. Owen 

Map of the State of New York by James Hall, E. Emmons, W. W. Mather, 
and L. Vanuxem 

Maps of South America by Alcide d’Orbigny 

First map of the world by Ami Boué 

Map of the Permian System in the Ural Mountains by Sir Roderick Murchison, 
E. P. de Verneuil, and Alexander von Keyserling 

Map of United States by Sir Charles Lyell 

First map of the ore district of Lake Superior by C. T. Jackson 

First map of the Arctic by Sir John Richardson 

First chromolithograph of a geological map by E. Beyrich 

Chromolithograph of the map of France by Elie de Beaumont and P. A. 
Dufrenoy 

First complete map of the United States by Jules Marcou 

Map of Belgium in 42 printed colors by Andrés Dumont 

First map of all India by George Greenough 

Map of the world by Jules Marcou 


1875-1882 Maps of the U. S. Geological and Geographic Surveys 


1880 
1885 
1894 
1912 
1919 
1922 


1925 
1925 
1931 


First colored maps of the U. S. Geological Survey 

Map of United States by W J McGee 

First folio of the Geologic Atlas of the United States 

Map of North America by Bailey Willis and G. W. Stose 

Map of Brazil by J. C. Branner 

Map of Asiatic Russia and most of European Russia issued by Thirteenth 
International Geological Congress, Brussels 

Map of Europe, with structure transparency by F. Beyschlag and W. Schriel 

Map of the Union of South Africa by Alexander du Toit 

Map of all Australia by Sir Edgeworth David 
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"Andress, Richard (1930) Handatlas, Bielefield und Leipzig. 
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1932 Map of the United States by the U. S. Geological Survey 

1932-1939 Map of the world (80 sheets) by W. Schriel (incomplete) 

1937 Maps of Russia in the guidebook of the Seventeenth International Geological 
Congress 

1943 Map of North America by Bailey Willis and G. W. Stose (In press) 
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ABSTRACT 


Drs. O. Renz, H. Hubach, and A. Gansser, geologists of the Cia. de Petroleo 
Shell de Colombia, have collected several small faunas of Paleozoic and Early 
Mesozoic age during the past few years. Some of these faunas are new, while 
the others give additional information on the distribution of the pre-Cretaceous 
formations in Colombia. 

The basement rocks of the Macarena are briefly described. Cambro-Ordovician 
graptolite and trilobite faunules were found in the Macarenas and near Colombia, 
a small village about 80 kilometers northeast of Neiva. On the Colombian side of 
the Sierra de Perija, Devonian beds with a Floresta fauna overlap with sharp, 
angular unconformity upon slightly metamorphosed shale. Small Carboniferous 
faunas were collected on Cerro Cerrej6n in the Rancheria valley, at Bucaramanga, 
and at Labateca. A good Leonard fauna was found near Manaure in the Sierra de 
Perija, and boulders of Permian Fusulina limestones occur in red beds near 
Chiriguané. Marine Upper Triassic limestones are normally interbedded with 
porphyritic red beds at Payande near Ibague. Probably also of Upper Triassic age 
are black shales with Estheria exposed on the road between Duitama and Charala 
and in Quebrada de los Indios about 25 kilometers south of Fundacién. 

Black shales and limestones underlying red beds and porphyrites have recently 
furnished ammonites of Lower Liassic age at a locality on Laguna Morrocoyal 
southwest of El Banco. Some granites and porphyrites of the Cordillera Central 
are post-Liassic. 


PRE-ORDOVICIAN BASEMENT (GANSSER) 
GENERAL STATEMENT 


The oldest fossils known in Colombia belong to the lowermost Ordo- 
vician or uppermost Cambrian. Sediments of this age overlie the igneous 
and basement rocks in the Macarena and Garzon massifs. 


MACARENA BASEMENT 


The Macarena is a range of mountains bordering the southern Ilanos 
and extends from 2°20’ to 3°35’ N. Lat. and from 73°25’ to 74° W. Long. 
They form a sharp angle to the main trend of the Cordillera and attain 
a maximum elevation of about 1200 meters. The basement is exposed 
in the central and southern part of the range and is considered a part 
of the old Guayana shield. 

The oldest rocks are mica schists and alkali feldspar gneisses, horn- 
blende gneisses, amphibolites, and injection gneisses with all interme- 
diate types from sericitic schist to highly injected granosyenitic gneiss. 

The injection of the granosyenites exposed in the Central Macarena 
did not affect the overlying Ordovician sediments, in contrast with 
the Ordovician formations of the Central Cordillera near Puerto Berria 
which are partly metamorphosed. 

(1) In the southern Macarena, mainly sericitic schist and sericitic, 
alkali feldspar gneisses form the basement. All variation exists between 
the schists and gneisses, the latter predominating. At the east border 
of the uplift, the gneisses are highly kaolinized, with secondary sericite 
developed along the bedding. The basement rocks in the central part 
of the southern Macarena are more massive with alkali feldspar gneisses 
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containing little mica, usually chloritized. Microcline and _perthitic 
orthoclase are abundant, with only traces of acid plagioclase, while 
quartz is subordinate. The quartz grains are remarkably free from 
undulatory extinction and cataclastic effects. Even slightly injected 
gneisses show augen development. Chloritized amphibolite intercala- 
tions, usually lit-par-lit, seem primarily related to the above-mentioned 
rocks. 

(2) In the Central Macarena, in the southern part, injection gneisses 
predominate, with granosyenites and some quartz porphyries in the north. 
The injection gneisses are very complex but are generally syenitic. 

In the south-central Macarena, the coarse, alkali feldspar, augen 
gneisses contain large, gray phenocrysts of microcline and microperthite 
up to 5 centimeters in diameter, showing beautiful quadrille structure. 
Microcline is also present in the groundmass with olive-brown biotite 
and small muscovite lamellae. The quartz forms lenses with typical 
“mosaic” structure but with no marked stress indication. Microscop- 
ically the quartz is violet blue. The greenish augen gneisses are char- 
acterized by conspicuous pink feldspar phenocrysts. Injection is very 
irregular. Orthoclase predominates in the groundmass, with quartz and 
acid plagioclase subordinate. The color of the rock is mainly due to 
a green biotite, with pale yellow-green to dark-green pleochroism. 
Large apatite grains, sphene, and epidote, the last partly concentrated 
in layers, are secondary constituents. The predominance of the alkali 
feldspar reflects clearly the syenitie injection. Gneisses with less injec- 
tion are regularly granoblastic without porphyritic structure. Micro- 
cline and quartz are abundant, plagioclase only rare and usually altered. 
Fine laminae of muscovite and biotite occur mainly on the bedding. 
The sedimentary origin of the gneisses is partly confirmed by garnet 
which appears occasionally as irregular grains. Some of these gneisses 
contain phlogopite in place of biotite. 

The amphibolites are rare in south Central Macarena. The horn- 
blende is of the normal greenish type. Quartz and especially micro- 
cline with typical quadrille structure show that the amphibolitie rocks 
have also been injected. Some diopsidic augite appears with the injec- 
tions. A few amphibolites seem of ortho character, and these have a 
pronounced ophitic texture. Uninjected amphibolites are schistose, the 
hornblende often with a pale-green, partly actinolitic pleochroism. 
Epidote and clinozoisite are alteration products of the hornblende. 

In the northern part of the Central Macarena, massif intrusives 
predominate. Marginally some dikes can be observed. Old diabase 
dikes are highly altered. The hornblende is mainly actinolite, with a 
very irregular and, for this type of hornblende, often typical, a fibrous 
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texture. Xenomorph calcite is the alteration product of basic plagio- 
clase. With the granosyenites are gray porphyries with reddish ortho- 
clase phenocrysts, typical of the main rock. The main intrusive body 
of the Central Macarena is a rather coarse-grained granosyenite. Strik- 
ing is the flesh-colored orthoclase which is slightly perthitic and rather 
idiomorphic. The hornblende is altered to chlorite, epidote, and small 
plagioclase grains. The primary plagioclase is only subordinate and 
highly altered. There is no microcline in the syenitic main body, which 
is unusual, especially when it is compared with the syenitic basement 
near San José del Guaviaré. 


PRE-PALEOZOIC BASEMENT IN OTHER AREAS 
SAN JOSE DEL GUAVIARE (Fig. 1) 


South of San José the exposed basement is overlain by complex pre- 
Tertiary sandstones. The transgressively covered syenitic rocks seem 
therefore part of the old pre-Paleozoic basement of the Guayana shield, 

The basement, which covers a rather wide area south of San José 
(headwaters of the Cafio Grande), consists in general of nepheline 
syenites with a variable amount of nepheline. The rocks are more basic 
than the granosyenitic basement of the Macarena, and quartz is prac- 
tically absent. The following rock types can be distinguished: Coarse- 
and fine-grained biotite syenites, nepheline-biotite syenites, cancrinite- 
biotite-nepheline syenites, and hornblende syenite to hornblende-quartz 
syenite, the last only subordinate. In addition to massive rocks, very 
coarse nepheline syenite pegmatites as well as fine-grained syenite 
aplites occur. 

The grain size of the rock varies considerably. Pegmatites increase 
toward the west where they contain inclusions of gneissoid_biotite- 
nepheline syenites, often with a distinctive angular shape. The latter 
gneissic rocks seem fully assimilated toward the east and are responsible 
for the variable grain size of the massive rocks. 

The feldspars consist mainly of perthitic orthoclase, microcline, and 
microcline perthite; the last two often show a clear quadrille structure. 
The nepheline is macroscopically gray to slightly oily greenish. Mar- 
ginally, some crystals are somewhat altered to sericite, haiiynite, and 
sodalite. Cancrinite seems to be primary and does not replace nepheline. 

An important feature of the San José syenite is the abundance of 
magnetite ore. Within the medium-grained rocks magnetite is evenly 
distributed, often with the olive-brown biotite. In the coarser rocks 
and mainly in pegmatite, the magnetite forms a surprisingly large part 
of the rock, occurring often in octahedrons up to 20 centimenters. 
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Because of the abundant pegmatite, the amount of ore in the basement 
is considerable. It is strongly magnetic, with only a low percentage 
of titanium (fine ilmenite lamellas). 


EASTERN CORDILLERA 


The Garzon massif, forming the range between the River Magdalena 
and the Caqueté lowland, is definitely older than the Ordovician, 
Little is known about its petrology, except some notes by Grosse (1935). 
A biotite alkali feldspar gneiss is widespread and is usually cut by 
pegmatite dikes. The injection gneisses are very irregular; the feldspar 
and quartz grains are concentrated in lenticular layers, surrounded by 
biotite seams with subordinate muscovite. Aplitic to pegmatitic dikes 
may contain a rather complex mineral association. Macroscopically 
violet-red garnet, green diopside crystals, and large biotite flakes are 
readily recognizable. Interesting is the presence of molybdenum, with 
large basal flakes in the coarse-grained pegmatites and fine scales in 
the strongly injected rock. 


CENTRAL CORDILLERA 


The presence of a pre-Paleozoic basement is largely obscured by 
younger intrusions, predominantly of a granodioritic character. The 
age of the batholiths varies from Caledonian to post-Liassic, and more 
detailed surveys will be necessary to distinguish the different intrusions. 
Scheibe (1933) considers the amphibolites east and south of Medellin 
Archean. The gneisses south and east of the Puracé voleano may be 
of the same age. Younger intrusives of a similar granodioritic to 
biotitic? granitic type are concentrated mainly in the central part of 
the Central Cordillera (for example, Manizales biotite granite), and the 
young volcanism seems connected with them. 


SIERRA NEVADA DE SANTA MARTA 


Gneisses and amphibolites may belong to the pre-Paleozoic basement. 
Very probably the Central batholith is Paleozoic, similar to the Central 
Cordillera batholiths, with a predominance of biotite granites, horn- 
blende granites, and granodiorites. Similar rocks were also observed 
at the west margin of the Santa Marta uplift intruded into a complex 
metamorphic series. Amphibolites, hornblende gneisses, and muscovite 
gneisses are strongly injected and traversed by aplitic quartz veins, 
aplites, and pegmatites, all probably in connection with the granites 
and granodiorites. Some garnet amphibolites and plagioclase eclogites, 
with thin layers of hornblendites, are the most basic rocks found in this 
area. 
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The dikes at the west margin of the Santa Marta Mountains trend 
mainly north-south in contrast to the east-west trend of the main uplift. 

A small outcrop of doubtful pre-Paleozoic basement occurs at Cerro 
de Chimichagua. A phlogopite-hornblende schist is traversed by several 
small dikes of syenitic hornblende pegmatite. Slightly pink dikes of 
granosyenite aplite are remarkable for the predominance of microcline, 
with little quartz and evidently no plagioclase. Small chloritized biotite 
flakes are only accessory. Near by are outcrops of fresh-looking biotite- 
hornblende granite. Some of the orthoclase shows a slight microcline 
lamellation at the margins. Plagioclase is abundant with clear twin 
lamellae. The biotite has an olive-brown pleochroism; the hornblende 
is of the normal green type. These granites seem to be similar to those 
south of Santa Marta town and are believed not to be older than 
Paleozoic. 

CAMBRO-ORDOVICIAN 
MACARENA 


(Hubach, Gansser, Fig. 2) 


On the east flank of the southern Central Macarena the basement 
is overlain by +150 meters of thin-bedded to shaly micaceous sandstones 
and quartzite, followed by 150 meters of well-bedded quartzitic sand- 
stone. The lower part furnished the following faunule determined by 
G. Marshall Kay. 


Apheoortis (?) sp. Megalaspis sp. cf. M. planilimbata 
cystid plate Angelin 
“Bucania” sp. sp. cf. M. extenuata Dalman 


Ampyx sp. aff. A. linnarssoni Schmidt cf, Ptychopyge sp. 
“Orthoceras” sp. 

The age is Arenigian or Canadian in North America. 

Later collections from the same locality furnished graptolites and 
trilobites, but they have not been determined. The upper part of the 
series is barren. 

In the Central Macarena 45 kilometers north of the above locality 
the series is locally reduced tectonically and by overlap to a thickness 
of 15 meters. A thin limestone on the Cafio Guapayito furnished the 
following faunule also determined by G. Marshall Kay. 


Za-81 “Cafio Guapayita” Asaphellus (?) sp., pygidium 
Dark, crystalline limestone with fossils Kainella meridionalis Kobayashi 
in fine-textured interbeds K. sp. ef. K. lata Kobayashi 
—— sp. ef. Obolus elongatus Har- cf. — primigenus (An- 
nngton gelin 
cf. O. salterit (Hall) ef. Peltura sp., pygidium 
Orthis” sp. cf. Finkelnburgia samensis Shumardia (?) sp. 
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Ficure 2.—Stratigraphic sections of Macarena (Llanos) 
Scale, 1 : 5000. See Figure 1 for locations. 


After H. Hubach and A. Gansser. 
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Kay comments as follows: 

“The faunule seems of Tremadocian age and would be classed as uppermost Cam- 
brian in Britain but basal Ordovician in N. America and Scandinavia. The 
Peltura suggests that the age may be uppermost Cambrian as in Scandinavia.” 

At a locality midway between the above two the series is more 
shaly and 160 meters thick. It furnished the following faunule deter- 
mined by the same authority. 


Za-144 “Cafio 40% tributary” “Obolus” sp. cf. Elkania ambigua 
Dark, somewhat phyllitic, silty shale (Walcott) 
Dichograptus octobrachiatus (Hall) “Lingula” sp. cf. Obolus elongatus Har- 
Tetragraptus sp. aff. T. bigsbyi (Hall) rington 
Didymograptus sp. Caryocaris sp. 


“The faunule is lower Arenigian—lower Deepkill Ordovician of the Canadian 
series in North America.” 

Another sample from the Central Macarena contains “Archaeorthis sp. cf. 
Eoorthis grandis Harrington also of Lower Ordovician age”. 

In the northern Macarena the series is at least several hundred 
meters thick and consists of gray-black shales or slates with banks of 
quartzitic sandstones. No good fauna was collected, and the base has 
not been seen, though basement is believed to outcrop in the interior. 
The Giiéjar River has cut a gorge in this formation which was therefore 
called Giiéjar series in Shell reports. 


URIBE TRAIL 


(Renz, Fig. 6) 


The trail crosses the East Cordillera at Lat. 3°20’ N. at the lowest 
depression (+2000 meters above sea) of the whole range. Figure 5 
shows roughly the structure along this trail. 

Northwest of Uribe in a small tributary (Quebrada Agua Bonita) of 
the Rio Duda some boulders of gray sandy limestone contained trilobites. 
They probably originated in the Lower Giiéjar series. 

Kay determined the fossils as follows: “Plethopeltis (?) aff. Bathyurus 
orbignianus Kayser” and considers the age as probably Cambrian— 
Upper St. Croixan. 

The crest of the Cordillera is formed by a complex syncline of 
Cretaceous and Tertiary formations. West of this syncline a zone of 
Paleozoic formations is exposed in the Rio Ambica as far as the Rio 
Blanco and consists mainly of light-brown and greenish, soft, micaceous 
shales with some sands. On Cueva Creek the shales contain cf. Didy- 
mograptus murchisoni (Beck). Kay considers its age as “Ordovician, 
probably late Arenigian (Llanvirnian).” 

The shales are overlain by a thick (+1000 meters) quartzite series, 
well exposed along the Ambica. The contact appears to be an uncon- 
formity, but this may be due to different reaction to tectonic movements. 
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The quartzites have furnished no fossils; they are overlain by shales, 
sandstones, and limestones containing Aptian ammonites. Whether the 
“Ambica” quartzite is still Paleozoic or basal Cretaceous cannot be 
decided on present evidence. 

The Ordovician of the Rio Ambica covers apparently the north plunge 
of the Garzon massif. 

The only other known Ordovician locality in Colombia is that de- 
scribed by Harrison (1930) from near Puerto Berrio. 


QUETAME SERIES 


The Quetame series has often been mentioned in the literature. Its 
type locality is at Quetame, a small village on the Bogota-Villavicencio 
road, its exposures extending along the road toward Villavicencio for 
about 38 kilometers. It consists mainly of chloritic to sericitic schists 
and phyllites with quartzitic sandstones and quartz conglomerates. A 
zone of yellow quartzites, +800 meters thick, together with thin, gray, 
graphitic shale intercalations, is interbedded in the series, but the intense 
folding makes it impossible to determine the true stratigraphic sequence. 
On the west flank of the massif, the Quetame is overlain by a very 
thick Lower Cretaceous series containing Valanginian ammonites. This 
Cretaceous series begins with a coarse, basal conglomerate. 

On the east flank of the massif near Villavicencio, the Quetame 
phyllites pass gradually into brick-red shales of lower Carboniferous 
or Devonian age (“Pipiral series”). In the Uribe area and on the 
Guape, the Giiéjar series becomes regionally metamorphosed, and the 
main part of the Quetame undoubtedly corresponds to the Giiéjar 
series, but the regional metamorphism has also affected younger forma- 
tions. On the Guape and the Ariari, a large gabbro massif has intruded 
the Quetame schists, but the regional metamorphism is not due to this 
intrusion but to deep burial and very intense folding, mostly Tertiary 
in age. The lower Cretaceous near Caqueza has also been affected by 
metamorphism, but to a lesser degree. 

The Quetame massif extends about 220 kilometers from the Uribe 
trail to the Garagoa River. Except for plant remains, the schists are 
not fossiliferous but grade into fossiliferous formations, from which 
boulders containing a few Devonian and Silurian fossils mentioned by 
Schuchert (1935) and Scheibe (1933) were derived. 

The term Quetame does not indicate a stratigraphic unit but a facies. 

Similar metamorphic Paleozoic formations occur in the Cordillera 
Central, the Sierra de Santa Marta, and the Perijé range. In the 
Perij& range metamorphism is locally so slight that the rocks more 
closely resemble the Giiéjar series than the Quetame. 
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DEVONIAN (Renz) 
GENERAL STATEMENT 


The fauna of the Floresta Devonian has been recently monographed 
by Caster (1939). The formation consists of 400 meters of light-gray 
shale weathering brownish yellow. A basal sandstone member, 40 meters 
thick, overlies altered chloritic garnet schists. Above the gray shales 
are vivid red shales overlain by quartzitic sandstones and dark-red 
conglomerates. Our collections did not have any species not already 
recorded by Caster. 

PERIJA RANGE (Fig. 3) 

The Devonian of the Venezuelan side has been known for a long time 
(Cachiri fauna). On the Colombian side two new areas were found, 
with faunas more closely allied to Floresta than Cachiri: (1) Curumani- 
Santa Isabel region east of Chiriguana, and (2) east of Manaure, in 
the upper Cesar Valley. 

(1) A complete section of the Devonian was studied in the region 
of Rio Simiti 5 kilometers south of Santa Isabel. The Devonian is 
transgressive with a very pronounced unconformity over slightly meta- 
morphosed gray slates, arkosic sandstones, and fine arkosic conglom- 
erates, similar to the Giiéjar series of the Macarena but without fossils. 
The Devonian begins with quartz conglomerates, about 1 meter thick, 
which are overlain by approximately 5 meters of light brown-gray 
chert containing a good Middle Devonian fauna. The following fossils 
were determined by Emeis, Shell paleontologist: 


Arcospirifer olssoni Caster Strophonella meridionalis Caster 
A. sp. (n. sp. ?) Anaplotheca (?) silvetti (Ulrich) 
Atrypa sp. (A. harrist Caster) 7 different species of Spirifer 


Elytha colombiana Caster 


The chert is overlain by 20 meters of reddish-gray claystone shale 
passing into fine light-gray banded sandstone about 10 meters thick. 
Then follows a thick formation of fine- to medium-grained green-brown 
sandstone with intercalations of micaceous gray-brown shaly layers and 
a few thin gray shale intercalations. In sandy shales which are poorly 
exposed in a small creek, 2.5 kilometers east-southeast of Santa Isabel, 
a Devonian fauna was found. Particularly abundant are Atrypa sp., 
Meganteris australis Caster, “Spirifer” kingi Caster. 

The Devonian is overlain by Triassic red beds. 

(2) East of Manaure the Cretaceous sediments are cut off from Paleo- 
z0ic, which forms a large part of the Perijé, by a fault of considerable 
displacement. The Devonian is composed mainly of whitish-brown 
sandstone and quartzites with intercalations of silky, gray shales. About 
1.5 kilometers east of Manaure a rich fauna was collected in a fine 
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Ficure 3.—Generalized stratigraphic column along the west foot of the 
Cordillera Perija 
a After O. Renz. Scale, 1 : 20,000. See Figure 1 for locations. 
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ferruginous sandstone. The most important forms, according to deter- 
minations by James Steele Williams, of the U. S. Geological Survey, 


are: 


Crinoid columnals 

Fenestrellinoid bryozoans, 
largely belonging to Polypora 

Leptaena ? cf. L. boyaca Caster 

Stropheodonta ? cf. S. concava Hall 

8. ? koslowski Caster 

Stropheodanta (Cymostrophia) cf. S. 
dickeyit Caster 

Chonetes ? sp. undet. 

Delthyris ? cf. “Spirtfer’ duodenarius 
Hall 


probably 


Spirifer (Australospirifer) cf. S. antarc- 
ticus (Morris and Sharp) 
Spirifer (Australospirifer) theringi Kay- 


ser 

“Spirifer’ kingi Caster 

Spirifer ? sp. undet. 

Other brachiopods, fragmentary, undeter- 
mined 

Gastropods 1 or 2 fragments of indeter- 
minate forms, trilobite pygidium, un- 
determined. 


This fauna is Middle Devonian. 

Along the eastern slope of the Cordillera Oriental, Devonian sedi- 
ments are not so well developed as in the Sierra de Perijé. In the 
upper Rio Ariari, pebbles of dark-gray sandy, slightly micaceous shales 
containing Devonian fossils (fragment of a trilobite, Stropheodonta, 
and Chonetes sp. concuva Hall) were observed. 


CARBONIFEROUS 
GACHALA 


Best known is the Carboniferous from the east flank of the Quetame 
massif, first found by Stutzer (1927), and studied more in detail by 
Kehrer (1933). The formation is in part highly fossiliferous, but the 
fauna is still insufficiently collected and studied. Lower to Upper 
Carboniferous is present. 

BUCARAMANGA 


(Hubach, Fig. 4) 


The Carboniferous of Bucaramanga was first found by Merritt, but 
his report is unpublished. Dickey (1941) gives a short description but 
lists no fossils. The series is overthrust by granites and schists of the 
Santander massif, and part of the sequence may be structurally re- 
versed. The apparent top is formed by limestones and primary lime- 
stone breccias with crinoid stems, underlain by red and black shales 
and sandstones. 

A very thin fossil bed furnished the following species determined by 
James Steele Williams: 


Crinoid columns 
Schuchertella ? sp. indet. 
“Productus” sp. indet. 
“Productus” sp. 
phragmus sp. 


Spirifer increbescens trigonalis Martin 

Punctospirifer sp. indet. 

Compostta subquadrata (Hall) var. 
Dia- Aviculopecten ? sp. indet. fragment. 


indet. may be 
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Ficurse 4—Generalized stratigraphic column of west and east sides of 
Santander Massif 
After H. Hubach. Scale, 1 : 31,250. See Figure 1 for locations. 


The fauna is either Mississippian or early Pennsylvanian. The Car- 
boniferous overlaps on granite. Hettner (1892) included this series In 
his Giron Labateca (Hubach) (Fig. 4). 

Carboniferous sediments, +2400 meters thick, were found on the 
P4ramo de Tierra Negra near Labateca at the Venezuelan border. They 
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consist mainly of thick sandstone members, partly gritty, alternating 
with shales, marly shales, and few limestones. Red sediments prevail 
especially in the lower and middle parts. The following fossils from the 
lower part have been provisionally determined by Barker: 


Fenestella retiformis von Schlotheim Aviculopecten sp. 
Spirifer ef. tncrebescens (Hall) Corals 

Derbya buch: d’Orbigny Strophomena ? 
Spiriferina campestris White Productus sp. 


The age is probably Upper Carboniferous. 

The basal part consists of red shales and conglomerates, partly altered 
to schists by a granitic intrusion. They may be partly Devonian. 

A still thicker series (+4000 meters) of probable Carboniferous occurs 
in the Murillo range east of Labateca, but no determinable fossils have 
been found. Plant remains are common. The lower 1200 meters con- 
tains red beds intruded by granites. 


PERIJA RANGE 
(Fig. 3) 


At Manaure Carboniferous was not found in situ, but gray limestone 
boulders with abundant Spirifer and Productus are common in the 
streams. 

At Cerro Cerrej6n in the Rancheria valley, the Tertiary (Eocene) is 
overthrust by green-brown shales and sandy shales with brown sand- 
stones and some limestones. The latter contain many brachiopods, 
Spirifer, and Productus. The Carboniferous is again overthrust by red 
beds covered unconformably by the Cogollo limestone which forms the 
top of the mountain. 

PERMIAN 


(Renz) (Fig. 3) 


The best Permian fauna was found east of Manaure in the Perija, 
in a fault block between Upper Cretaceous and Devonian. The forma- 
tion is a gray, slightly dolomitic limestone with layers and nodules of 
black chert. Fossils are common and were determined by James Steele 
Williams and A. K. Miller. 


Sponge ? indet. Bellerophon ? cf. B. crassus 
Crinoid columns Euphemites ? sp. undet., small form 
“Productus” inca d’Orbign “Pleurotomaria” sp. undet., very incom- 
Rhynchonelloid possibly a plete 

Letorhynchus “Murchisonia” ? sp. undet. 
Pugnoides swallovianus ? (Shumard). Baylea ? sp. undet. 
Spriferina campestris White, n. var. Titanoceras ? sp. undet. 
Schizodus ? ef. S. cuneatus Meek Medlicottia sp. undet. of the type of 
Astartella sp. undet., small form Medlicottia whitneyi Bose 


Bellerophonids, several indeterminate  Perrinites cf. hilli (Smith) 
orms 
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Ficure 5.—Generalized column of pre-Cretaceous sediments between Rio Coello 
and Rio Luisa 
After O. Renz. Scale, 1: 10,000. See Figure 1 for locations. 
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The fauna, especially Perrinites, is typical for the Leonard of West 
Texas. 

Farther south in the Perijé range, on the Rio Mula, volcanic red beds 
contain conglomerates with limestone boulders, in which Permian Fusu- 
linae occur, and from which Emeis determined Paraschwagerina yabei 
(Staff). The limestone has not been found in place and may have been 
removed by post-Permian erosion. 

Elsewhere in Colombia, the Permian has not yet been proven by 
fossils, but quite possibly the top of the Gachala and Labateca sections 
extend into this period. 

TRIASSIC AND LIASSIC 


MARINE TRIASSIC 
(Renz) (Fig. 5) 


Pseudomonotis ochotica had been reported by Diener and Jaworski 
(1922) from Chaparral in the upper Magdalena valley, but the locality 
could not be found. The Triassic locality mentioned by Schuchert 
(1935) after Rollot at Utica does not exist since only Lower Cretaceous 
outcrops in that region. 

Marine Triassic was found north of Chaparral at Payandé. Between 
the Coello and Luisa rivers the basement of the Central Cordillera is 
unconformably overlain by a series of porphyritic red beds with a 400- 
meter-thick limestone chert formation between. This formation has 
been called the Payandé. 

Conspicuous is a gray limestone, partly sandy or siliceous, with inter- 
ealations of brown, partly tuffaceous cherts. It is cut by many dikes 
of gray-green porphyrite, causing strong contact metamorphism. The 
limestone is altered locally to marbles, and wollastonite needles are 
common. The lower part furnished well-preserved gastropods, bivalves, 
crinoids (mostly Pentacrinus), and echinoids. Emeis determined from 
the lower part Myophoria jaworski Steinmann, well known from the 
Karnian of Peri. Gastropods and brachiopods have not yet been deter- 
mined. 

In the middle of the formation, a gray cherty shale overlying the 
limestone furnished several ammonites identified as: 

Nevadites sutanensis Jaworski 

N. cf. lissont Jaworski 

Anolcites dieneri Jaworski 

In the upper part a light-brown, cherty tuff contains abundant well- 
preserved Pseudomonotis ochotica Keyserling (PI. 1, fig. 2). The upper 
part of the Payandé is therefore definitely Norian. The fauna is evi- 
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dently the same as that described by Jaworski from the Suta limestone 
of Pera. 

The marine Payandé is transitional with a red-bed series composed 
mostly of porphyritic flows, tuffs, and volcanic breccias which must be 
Upper Triassic, but possibly extending into the Rhaetic. The forma- 
tion is unconformably overlapped by Lower Cretaceous. 

Other remnants of marine Triassic probably occur in the Quebrada 
de los Indios and at Montebel. 


LIASSIC OF EL BANCO AREA AND CESAR VALLEY RED BEDS 
(Hubach, Renz) (Fig. 1, loc. X) 

Geologists of the Texas Company discovered a fossil locality at 
Laguna Morrocoyal, about 45 kilometers southwest of El Banco. The 
locality was studied in greater detail by Hubach who collected a small 
fauna of ammonites, bivalves, and plants. These fossils occur in black 
shales and thin limestones in the lower part of a thick series (over 2600 
meters) of red beds, shales, sandstones, and conglomerates with very 
thick, generally acid flows, volcanic tuffs, and gray, yellow, or purple 
agglomerates. The series is intruded and overlain by a chaotic assem- 
blage of intrusive volcanic breccias, mostly acid to intermediate. The 
youngest rocks seem to be strongly differentiated intrusives—granites, 
diorites, and gabbros. Lower Cretaceous (Barremian or older) overlaps 
onto the upper igneous series on the east side of the Central Cordillera 
about 40 kilometers east-southeast of Morrocoyal. 

The fossils from the Morrocoyal beds have not been fully determined. 
The most common forms are ammonites belonging to the Liassic genus 
Arietites, but Psiloceras is probably also present. One bivalve species 
iscommon. Fish remains and well-preserved plants are likewise found 
in the black shale member. 

Another fossil locality was found previously by Shell geologists R. 
Martin and O. Renz in Quebrada de los Indios, about 32 kilometers 
southeast of Fundacion at the southwest side of the Santa Marta Moun- 
tains. A 200-meter-thick series of black, partly siliceous shales and 
quartzitic sandstones, with occasional thin sandy limestones, is in fault 
contact with schists of the Santa Marta massif. It is normally overlain 
by greenish quartzites and claystones alternating with green and red 
porphyries and tuffs. In the upper part, dark-red quartz porphyries 
predominate. The fauna of the Indios beds consists of poorly preserved 
gastropods and bivalves and one possible ammonite impression. Most 
common are small species of Estheria apparently allied with those from 
the Montebel series. Whether the Indios beds should be correlated with 
the Liassic of Morrocoyal or the Upper Triassic of Montebel is uncertain. 
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A third fossil locality found by O. Renz near Manaure in the Cesar 
Valley is near the top of the red beds. It furnished only indeterminable 
mollusks and possibly some ammonite fragments from thin (20-30 
centimeter) beds of nodular limestones interbedded with red sandstones, 
conglomerates, and sandy shales containing silicified wood. This locality 
is 20 kilometers south-southwest of Urumita, where Karsten recorded 
lower Cretaceous ammonites in red beds. Karsten’s report gave rise 
to the formerly generally accepted Lower Cretaceous age of all “Giron 
red beds” in Colombia. No fossils were found by Shell geologists in 
the Urumita red beds, but Karsten’s record cannot be dismissed without 
further evidence, and the presence of Lower Cretaceous red beds in the 
upper Cesar Valley must be still considered a possibility. 

The red beds in the Cesar Valley are more than 4000 meters thick 
but vary widely, partly because of pre-Cretaccous erosion. The amount 
of voleanic material, such as interbedded flows and agglomeratic tuffs, 
is subject to rapid change and is greatest on the flanks of the Santa 
Marta and the Cordillera Central, but even in the Perijds there are 
rhyolite and liparite flows. Conglomerates with boulders of Permian 
Fusulina limestone were found by Renz in the Chiriguana area where 
horizons of fossil plants also occur. 

In the southeastern Cesar Valley along the front of the Perijas, the 
red beds are overlain by 600 meters of brown and green quartzitic 
sandstones with thin, gray unfossiliferous shales. Overlying them is 600 
meters of coarse, white massive sandstone with light-gray, unfossiliferous 
shale. The upper sandstone may belong to the Lower Cretaceous and 
be the equivalent of the Tomon of Venezuela. 

The age of the red beds in northern Colombia may therefore range 
from upper Triassic to lower Cretaceous, but only the lower Jurassic 
(Liassic) is well established. 


“GIRON” OF THE MIDDLE MAGDALENA VALLEY 


From Hettner’s description of the Giron, it is clear that he included 
within this series the red beds near the city of Giron as well as the 
Carboniferous of Bucaramanga and referred these rocks to the lower 
Cretaceous, largely from Karsten’s record of ammonites from Urumita. 
The name is now generally restricted to the series of sandstones, grits, 
and conglomerates alternating with red and green siltstones and shales, 
over 2000 meters thick, outcropping in the Lebrija gorge north of Giron. 
Dickey (1941) and De Béckh (1929) have given good descriptions of 
the formation. It apparently overlies Carboniferous Bocas shales and 
is overlain by basal Cretaceous fossiliferous sandstones and limestones 
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with no visible unconformity. In the Chicamocha gorge, 35 kilometers 
south of Giron, it overlaps with pronounced unconformity upon crys- 
talline schists intruded by granites, and it thins rapidly toward the old 
massif. No fossils except plant remains have been found near the type 
locality. 

About 130 kilometers south of Giron at Montebel (on the road between 
Duitama and Charala), upper Giron sandstones and grits are overlain 
by black, partly massive shales, several hundred meters thick, contain- 
ing remains of plants, Hstheria, and small gastropods. A. A. Olsson 
(personal communication), who collected at the same locality, considers 
the formation upper Triassic. The Giron in its type region contains no 
voleanic or effusive material. 

West of the Magdalena (on the Anacué) red and green siltstones with 
a few banks of tuffaceous sandstones and tuff breccias are correlated 
with the Giron. They are intruded by a red, generally coarse granite 
(hornblende-biotite granosyenite to quartz monzonite according to Gans- 
ser). This intrusive body is cut by dikes of monzonitie to gabbro por- 
phyries (diabase) and aplitic granodiorites. Young porphyries cover a 
great extension in the headwater of the Anacué. The youngest por- 
phyries (the most basic ones) in the red beds are possibly of Lower 
Cretaceous age since, in the Muzo emerald district, Gansser found ultra- 
basic intrusions in Albian rocks. 


OTHER FORMATIONS OF UNKNOWN AGE 


A limestone several hundred meters thick, intruded by gabbro and 
greatly altered, outcrops between the rivers Guape and Ariari in the 
Llanos front. Its age is unknown, and there are no limestones of similar 
thickness known in the Paleozoic sections in the Macarena or at Villa- 
vicencio. 

A very thick (over 2000 meters) sandstone conglomerate section over- 
lain by red shales occurs on the Rio Ele in Arauca. Only indeterminable 
plant remains have been obtained from these beds. It may represent 
a near-shore facies of the Murillo formation, also of unknown age. 


CONCLUSIONS 


Our knowledge of the pre-Cretaceous is still too scanty for sweeping 
generalizations and conclusions. 

An early Paleozoic (mainly Ordovician) geosyncline was probably 
present in the area of the East Cordillera, but its sediments were to a 
large extent greatly metamorphosed or eroded in later periods. Cale- 
donian folding is indicated in the Perijé range. 
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Thick Devonian, Carboniferous, and Permian marine deposits were 
folded in late Permian or more likely lower Triassic orogenic phases, 
and to a large extent they were eroded. 

Marine upper Triassic with strong affinities with the Peruvian Triassic 
has been found in the upper Magdalena Valley but may have extended 
to the Caribbean coast. Marine lower Jurassic is known only from 
the El] Banco district. Triassic and Jurassic are chiefly red beds with 
variable amounts of effusive and intrusive igneous rocks. 
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Piate 1—SYENITE AND FOSSILS FROM COLOMBIA 
Figure 
1. Nepheline-Cancrinite-Biotite Syenite 
1. Nepheline slightly altered by sericite, hauynite 
2. Microcline-microcline perthite (clear quadrille structure) 
3. Orthoclase (perthitic) 
4. Perthite 
5. Cancrinite 
Biotite and magnetite are present but do not show in photograph; holocrys- 
talline texture; massive structure. 


2. Pseudomonotis ochotica Keyerling 
Upper Triassic: Locality Payandé. 


3. Estheria sp. greatly enlarged. 
Probably Upper Triassic; Locality Quebrada de los Indios. 


4-6. Liassic ammonites from Laguna Morrocoyal 
Impressions of Arietites and Psiloceras. 
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ABSTRACT 


An attempt is made to give approximate quantitative values to the ratio ion 
volume/unit cell volume for a selected group of about 200 minerals. A “packing 
index” is proposed to express this relationship. The general correlation of this pack- 
ing index with specific gravity, hardness, and mean refractive index, whereby in- 
crease or decrease in one is paralleled by changes in the same direction in the 
others, is shown in some detail. Unexplained discrepancies in this correlation are 


= 28. Comparison of packing indices with rate of mineral alteration............. 1871 
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mostly confined oe refractive index data for minerals containing much Ti‘, Zr‘, 
B*, Fe*, and K**. Ti* is likewise dominant in certain minerals with unex- 
plained hardness anomalies. These correlations demonstrate the superiority of 
fhe age og of packing index for much of this comparative work. 

The role of packing index in thermal inversion and incongruent melting is 
believed to be accessory for the most part; in pressure inversion, however, it 
plays a vital part. It is also an important factor in controlling the maximum size 
of the minor ions which may enter a cry stal structure. 

Consideration is given to packing index in its possible effect on order of erys- 
tallization in rocks. A general correlation is evident, but it is concluded that 
other factors control these processes. Comparison of the packing indices of a 
selected group of rocks with their respective specific gravities shows the superiority 
of the former, especially for comparisons involving varying quantities of iron- 
rich minerals. The eclogite problem is discussed briefly in terms of packing index, 
and the general conclusion of leading investigators is confirmed that pressure prob- 
ably played a leading part in the genesis of these rocks. The origin of glaucophane 
schist is shrouded in more uncertainty. Attention is also directed to packing index 
in its relation to metamorphic silicates in general, and issue is taken with the mis- 
leading “oxide volume law”. In an attempted correlation of packing index with 
temperature of formation of metamorphic silicates it is disclosed that “anti-stress” 
minerals are high temperature-low index types, whereas “stress” minerals show 
the opposite relation in general. 

There is fairly direct correlation between packing index and the degree of develop- 
ment of porphyroblast crystal faces ((high index = good crystal development). 
The rate of mineral alteration, on the other hand, seems to vary inversely with 
packing index. 

The possibility of mineral inversions in stony meteorites due to release of 
pressure is considered briefly from the standpoint of packing index. Speculations 
concerning the derivation of some chondrules from garnet and of graphite from 
diamond are mentioned. 


INTRODUCTION 


The role played by pressure in the formation of igneous and meta- 
morphic rocks has long been a fertile field for speculation among geologists. 
Until recently, mineralogists could offer but few facts in support or nega- 
tion of such speculations. Relative rock densities were used to some effect, 
as many foliated rocks such as schists have higher specific gravity than 
chemically analogous igneous rocks. As the majority of the schist 
minerals occur commonly also in hydrothermally altered rocks, which are 
neither igneous nor foliated, it has proved difficult, however, to assign a 
specific role to pressure. Of late years, too, the justifiable emphasis on 
temperature has relegated pressure effects to a lesser part in geologic 
processes. The writer has approached this subject through investigation 
of a more fundamental characteristic than density—namely, the ion pack- 
ing of minerals. As the study developed it was found desirable to expand 
the problem to include all possible mineralogic as well as geologic aspects 
of ion packing. This has resulted in a better-balanced perspective of 
crystal packing than could otherwise have been obtained and has disclosed 
some unexpected problems. 

The investigation of ion packing first became a practical problem with 
the development of modern structural crystallography. In this paper dis- 
cussion is restricted to geologically important crystals and deals with the 
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packing problem for the so-called “ionic” minerals, which embrace roughly 
all except the native elements and sulphides.1_ Reasonably reliable data 
on ionic radii and unit cell volumes make possible the determination of 
the ratio ion volume/unit cell volume, correlation of this quantity with 
mineralogical constants such as refractive index, and some attempt at 
explanation of geological relations. As far as the writer is aware, no 
quantity other than “molecular volume” has ever been used in this con- 
nection. The limited usefulness of molecular volume will become apparent 
as the discussion proceeds. 
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CONCEPT OF PACKING INDEX 
DEVELOPMENT OF METHODS OF VOLUME DETERMINATION 


In the early days of theoretical chemistry, when the molecular weight 
and density of compounds comprised the only data relating to volume, 
and ionic radii were entirely unknown, the determination of molecular 
volume (molecular weight/density) was an important calculation, as it 
permitted comparison of cell volume relations. Various aspects of this 
relationship were thoroughly explored, under the leadership of Hermann 
Kopp (Mellor, 1922), during the second quarter of the last century. It 
still serves in petrologic work as a basis for discussion of rock chemistry. 
A compilation of molecular volumes has recently been made by Blitz 
(1934) which includes all classes of compounds. Molecular weight and 
consequently molecular volume are, however, relative, not absolute 
quantities and have limited application. Moreover, they yield no informa- 
tion concerning the closeness of packing of the crystal units. The next 
stage therefore was the determination of absolute values for molecular 
weights and volumes. In 1865 Loschmidt (Mellor, 1922) bridged this gap 
for the first time, applying the long-neglected law of Avogadro to the 
problem. Omitting details, he determined a constant N, usually known 
as Avogadro’s number, which permits the transition to be made. In recent 
years this constant has been redetermined by almost a dozen different 


1It is realized that bonds other than those of ionic type occur in many of these minerals, but 
as they are believed to be a minority, the modifier “ionic” may be used in absence of a better term. 
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methods, all of which show remarkable agreement. The approximate 
value of N (= .6 x 10”*) is adequate for all computations in this paper. 
That is, 

mol 


W.»s. (in grams) = a 10% where Wabs. = absolute weight 


Vats. (in cc.) = 10D = molecular weight 
Vavs. (in cu. A) = Vavs. = absolute volume 


D = density 
lec. = 10% cu. A 


A third stage of development, confined to crystalline substances, com- 
menced in 1914 with W. L. Bragg’s pioneer X-ray diffraction studies. 
With this searching technique it is possible to determine independently 
the dimensions and consequently the volume of a unit cell of a substance. 
(See Table 1 for volumes cf various cells.) The correctness of the premises 


Taste 1—Volumes of unit cells 
(a, b, c, a, B, y, are the standard crystallographic symbols) 


Isometric........ 
Tetragonal....... ac 
1 — cosa 

3 

o2 
Hexagonal....... 
Orthorhombic.... abe 
Monoclinic....... abe sing 
Triclinic......... abc+/1 — cos?a — cos*B — cos*y + 2 cosa 2 cos B cos y 


of this method and the preceding one is shown by the close correspondence 
in values which may be obtained for any substance, where cell dimensions, 
chemical composition, and density are accurately determined (Table 4). 
As the unit cell usually contains more than one formula unit of the ma- 
terial, the relation between the chemical and X-ray methods is expressed 
V (unit cell) W (mol.) 
6D 
units in the cell. Thus Vans, may be obtained by two methods.” 

A final stage, and one with which this paper is particularly concerned, 
was the determination of ion dimensions (Stillwell, 1938), first by 
Wasastjerna in 1922, later by Goldschmidt (1926), Pauling (1927), 
Zachariasen (1931), and Kordes (1939). Empirical and theoretical 


as follows— , where Z = the number of formula 


*For data on dimensions of unit cells the reader is referred to Bragg (1937) and the comprehensive 
Strukturbericht (Ewald, Hermann, et al., 1931). 
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methods yielded essentially similar results. In consequence of these ad- 
vances it is possible to calculate approximately the percentage of the 
total volume of a unit cell which is occupied by ions and thus compare 
crystals with one another on the basis of their packing. That is— 
~ V unit cell Wmoi- 
Calculations based on these quantities give the closeness of ion packing in 
a crystal. 


= Vol. ions + Vol. ‘‘interstices”’. 


THE PACKING INDEX 


Probably the first attempt to determine closeness of ion packing was 
made by Sollas in 1898, on cubic crystals of the NaCl type. Although 
nothing was known definitely of the sizes of atoms at that time, it was 
his belief that NaCl molecules did not exist but that in their stead small 
sodium ions and larger chlorine ions were stacked together in compact 
cubical form. By assuming certain values for ion radius, Sollas calculated 
the closeness of packing for a number of simple crystals. Although this 
work is now only of historical interest, his discussion was astonishingly 
prophetic and ranks high in the literature of crystal chemistry which 
antedates the X-ray diffraction period. 

In the present investigation calculations of closeness of packing are 
confined to those mineral crystals displaying mainly ionic bonds. Sub- 
stances showing predominant homopolar (covalent) bonding are omitted 
as some uncertainty exists concerning the absolute size of their atoms. 
This group consists largely of sulphides, arsenides, and antimonides, leav- 
ing as ionic minerals * the silicates, oxides, carbonates, sulphates, etc. 

At the outset, distinction must be made between closeness of packing 
and type of packing. Structural crystallographers use the latter term to 
denote a purely geometrical arrangement of atoms or ions, a conception 
which permits considerable latitude in relative size of adjacent ions. Thus 
in Figure 1 the same type of packing is shown by both (a) and (b). 
The closeness of packing differs in each example, as may be seen by in- 
spection of the interstices, (b) being more closely packed than (a). The 
term packing index is proposed to denote closeness of packing. It is de- 

V ions 
V unit cell 
centage of the absolute volume of one formula unit of a crystal occupied 
by ions. The packing index is this quantity arbitrarily divided by 10 — 
V ions 
V cell 


rived from the expression X 100, which represents the per- 


xX 10. The packing index of a substance therefore lies 


8 For details of ionic and other types of bonds the reader is referred to standard texts on crystal 
chemistry (Stillwell, 1938; Evans, 1939). 
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between 0 and 10, a convenient numerical range analogous to that 
expressing specific gravity or hardness. 


SOURCES OF ERROR 


As already stated, the excellent agreement of the theoretical and ex- 
perimental methods of calculating absolute volume removes all appreciable 


a 


Ficure 1—Contrast of type of packing and closeness of packing 


Shown by (a) where spheres are approximately of same size and relatively large interstices exist, 
and (b) where greater discrepancy in sphere size decreases interstitial space. Co-ordination of the 
spheres (type of packing) is identical in both cases. 


error from this part of the packing index determination. For a number of 
minerals, indeed, where unit cell dimensions are undetermined, but com- 
position and density are known, the latter quantities suffice to determine 
absolute volume. All error is restricted for practical purposes to calcula- 
tion of the volume of the ions in the crystal cell. 


SELECTION OF ION RADII 


Two assumptions underlie the computation of ion volume: (1) The 
effective zone of influence of each ion is essentially spherical, and (2) 
an average radius can be determined for each. Regarding the first, most 
investigators agree that a sphere more nearly approximates the domain 
of an ion than any other geometrical form. The second point requires 
more extended discussion. 

One of Sollas’ most prescient statements (1898) was that there “does 
not seem to be any sound reason why the volume of an element should 
remain absolutely constant and independent of an element with which it is 
associated.” As a generalization this is still true today. Although the 
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effective radius of an ion is fairly constant for structurally related com- 
pounds, important differences exist between certain groups of unrelated 
ones. (Compare O* in silicates, carbonates, etc.) The selection of average 
radii is therefore no mean task if volume relations of ionic minerals are 
to be intelligently discussed. Fortunately the problem is lightened con- 
siderably by the numerical predominance of oxygen in these compounds 
(halides and fluorides excepted). By any standard the oxygen ion is also 
much larger than the cations associated with it and in silicates forms over 
90 percent of the total ion volume. Its radius is thus the critical dimension 
in the entire computation of packing index. For oxides Wasastjerna (Still- 
well, 1938) determined empirically that O* = 1.32, a value used later by 
Goldschmidt as a basis for radius determination of associated cations in 
oxides. Some years later Pauling and Zachariasen (Stillwell, 1938) de- 
termined that O* = 1.40, the former on theoretical grounds, the latter 
empirically. Still more recently Kordes (1939a) calculated an empirical 
value of 1.37 and a theoretical value of 1.35. The writer has selected the 
Goldschmidt-Wasastjerna radius of 1.32 through the following indirect 
approach. 

Structural analysis of a number of oxides indicates conditions of closest 
packing. This is particularly true of aluminum and beryllium oxides 
where the small cations lie in the interstices between approximately close- 
packed oxygen anions. If the cations are neglected and the anions con- 
sidered geometrically as a framework of uniform spheres, it can easily 
be shown that the spheres occupy 74 percent of the total volume of any 
given unit of the framework. For corundum the following is then true: 


Vol. of unit cell of corundum = 85 cu. A (= 2Al.03) 
74 


“ 6 = i99 85 = 62.9 cu. A 
“6 1 = 10.5cu.A 
Radius of =1.36A 


This method of attack indicates that 1.36 is the maximum O* radius 
possible for corundum if Al*+ is small enough to permit O* to pack to- 
gether with the minimum interstitial space. As perfect spheres and 
absolutely tight packing cannot be assumed, O? must be somewhat less 
than 1.36. Furthermore, if Al?+ = .57 (Goldschmidt’s value), O? anions 
of radius 1.86 would not pack absolutely tightly, as it can be shown that 
the maximum radius of interstitial spheres is .56 where the main frame- 
work has spheres of 1.36 radius. For this reason also 0? is probably less 
than 1.36. 

By similar calculation it can be shown that in the close-packed struc- 
tures assumed for chrysobery] (BeAl,0,), diaspore (HAIO.), and bromel- 
lite (BeO) the oxygen ions cannot exceed 1.34, 1.87, and 1.34 A respec- 
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tively. For the same reasons as those mentioned for corundum it is highly 
probable that the true O* radius is less than these values. 

In the silicates, the problem of an average O* radius becomes more com- 
plex because of increase in the kinds of cations present. An average made 
by the writer from seven published descriptions gives O* = 1.34, obtained 


Taste 2—Correlation of average O* radii in common radicles with co-ordination 
and valence 


Central element of the radicle Cation Co-ordination Aver rr gee 
Sit* 4 1.324 
Sst 4 1.22 


from 0-0 distances in the Si-O tetrahedra.* The range of values is 1.30-1.37. 
Additional data are obtainable from topaz and kyanite, both of which 
have approximately close-packed structures and predominant Al cations, 
thus permitting analysis similar to that for the selected oxides above. 
For kyanite the following is true under geometrical packing conditions. 


Vol. of unit cell = 288 cu. A (=4Al,Si0;) 


74 
20 O i00 *% a 213 cu. A 
OF =106 cu: A 
Radius of O- =1.36A 


The same value is obtained for topaz (Al,SiO,F.) where O? and F* 
are assumed to have the same volume and form a close-packed structure 
consisting 24 of O? and 14 of F*. From these two examples the upper 
limit for 0?" is about the same as for the oxides. It seems reasonable, 
therefore, to assume a similar radius. It appears more prudent to use a 
small value for O? than a large one, and the writer’s choice is the 1.32 
radius of Wasastjerna and Goldschmidt. 

Although comprehensive data are lacking for many phosphates, sul- 
phates, borates, carbonates, and nitrates, there is fair agreement about 
the O-O distances in the PO,, SO,, CO;, BO;, and NO, radicals of those 
minerals already studied. Furthermore, the order of magnitude of the 
O* radii is correct, as may be seen in Table 2. In the first group, having 
4-co-ordination, arrangement of the central elements in order of increasing 


“Bragg (1937, p. 140) gives 0-0 = 2.6+, but no details as to the basis for this figure. 
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valence corresponds to the order of decreasing O* radius. This obtains 
also for the second group, showing 3-co-ordination. That is, for a given 
co-ordination and given anion, the attractive forces become greater with 


Taste 3.—Effective radii, volumes and refractivity of tons of common elements* 


Elemen olume i 
Molecular Weight in ( Ton Radiust | 
Aluminum (26.97). .......-- .57 .80 187 
Bariam Ba?* 1.43 13.23 4.02 
Beryllium (9.02)..........-- Be?+ 384 f .0167 
Boron (10.82)...........--- 33 15 .006 
Calcium (40.08)........---- Ca?+ 1.06 4.99 1.182 
cH 2 .33 .0025 
Certam (14013). ......-...- Ce** 1.18 6.87 1.77 
Chlorine (35.46).........--. 1.81 24.85 8.17 
Chromium (52.01).......... Cr’ .64 1.09 
Copper 96 3.69 1.080 
Fluorine (19.00)..........-- Fi- 1.33 9.85 2.27 
Hydrogen (1.00)............ (a) (OH)!- 1.40 11.48 4.8 
(b) H,O 1.38 11.02 3.71 
molecule 
Fe?+ .83 2.39 109 
Fe*+ .67 1.26 
Li!* .78 1.97 .060 
Magnesium (24.32)......... .78 1.97 . 238 
Manganese (54.93).........- Mn?+ 91 3.14 151 
Nitrogen (14.01)............ N5+ .O1 .0013 
Oxygen (16.00)............. 6.84 
1.32 9.64 
1.27 8.59 
1.15 6.37 
Phosphorus (30.98)......... 18 054 
Potassium (39.10)....... Ki+ 1.33 9.85 2.07 
(6206)............. 1.74 22.08 19.8 
84 16 .036 
Sn‘+ .74 1.70 1.207 
Titanium (47.90)........... Ti** 64 1.09 .463 
Tungsten (183.92).......... we .68 1.32 371 
(66:02) ............ .93 3.41 1.37 
Zn?* .83 2.39 .713 
Zirconium (91.22)........... 87 2.87 


* Radii mostly from Evans (1939, p. 171), after Goldschmidt. 


Based on 6— co-ordination. 


** Actual values, especially for large anions, less than these, due to polarization. 
+ Actual radii in compounds slightly less than theoretical effective radii of free ions. 


increase in the charge on the cation and so reduce the effective radius of 
the anion. 

Table 3 and Figure 2 include the results of the preceding discussion. 
The values for the cations and all anions except O* are those for 6-co- 


: 

: 


CONCEPT OF PACKING INDEX 1315 
ordination. No correction for other co-ordinations has been made in the 
packing index determinations, as the common cations are small relative to 
0? and the anions F* and Cl’ vary little in any case. The average varia- 
tion in radius is estimated as less than 5 percent from the value given, 


@® Ou o 


3A 


Ficure 2.—Relative diameters of selected ions 


Arranged as in the periodic table. Double circle for O?- indicates its varying radius in silicates, sul- 
phates, nitrates, etc. Water molecule (not an ion) included in lower right of table. 


which, in the light of other uncertainties about the shapes and sizes of 
ions, is too small to justify additional arithmetic in calculating packing 
index. 
DEGREE OF ACCURACY OF PACKING INDEX 

It is necessary to emphasize that values given for packing index are not 
to be taken too literally. The writer regards them as semiquantitative 
only, and no pretense is made that this index can be determined as yet with 
the same average precision as a quantity such as specific gravity. Re- 
visions up or down of at least 5 percent are to be expected for some 
minerals, which, in terms of packing index, would be expressed by + .5. 
Correlations limited to minerals of the same type (e.g., silicates) can be 
made, however, with considerable confidence; comparison of species in 
different groups must be made with some reservations. In time, as better 
average values for ion radii become available, the packing index should 


| 
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become a relatively fixed value, taking its place with other accepted 
quantities—refractive index, hardness, etc.—as part of the necessary de- 
scription of a mineral. The advantages of discussion without further 
delay of the concept of packing index far outweigh in the writer’s opinion 
the disadvantages arising from lack of precision in certain of the de- 
terminations. 


PACKING LN DE XxX 
Q i 4 3 4 5 6 7 8 
10 Suiphates |! 
| 8 Phosphates | 
AB c DE 


Ficure 3.—Range of packing indices 


Of minerals included in Table 4. A, B, C, D, E refer to packing indices of a series of artificial geo- 
metrical systems described in the text. 


Table 4 lists alphabetically about 200 ionic minerals for which packing 
index has been determined. Silicates form approximately two-thirds of 
these, as the known species are numerous, and the group is of great geologic 
importance. Rare species are arbitrarily included wherever they appear 
to be useful for interpretation. The reader may add as many as desired 
following the method given. In this first presentation the writer considers 
that sufficient computations have been made to indicate the possibilities 
of the packing index. Complete tabulation can await later developments. 


CORRELATION OF CRYSTAL PACKING WITH PACKING OF UNIFORM SPHERES 


It is instructive to compare the packing indices of Table 4 with values 
computed for specific geometric systems of spheres. This has been done 
in Figure 3. The range in packing index for various groups of substances 
is depicted by horizontal columns arranged in order of increasing average 
packing index. It is interesting to note in passing that this is also the 
order of increasing average co-ordination of the ions—i.e., 3-co-ordination 
is characteristic of carbonates, 4-co-ordination is prevalent in sulphates, 
phosphates, and silicates, 6-co-ordination dominates most oxide structures. 

A and B (indices .42 and .56) represent attempts by Melmore (1942) 
and Heesch and Laves (1933) to discover the most open packing possible 
in a system of uniform spheres. The limit has probably not yet been 
reached. Of the minerals in Table 4, the packing index of natrite, com- 
puted minus its 10 molecules of H.O, is the closest approach to A and B. 
C (index of 5.24) represents the cubic open packing of uniform spheres. 
It is seen that carbonate and sulphate ions are packed much less tightly 
than this, that the average phosphate and silicate packing index is almost 
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Cell | Cell tin Pack- 
Mineral Formula used vol. | vol. | voy ing Remarks 
(cale.)|(expt.) index 
Actinolite.......-- Ca2(Me@e. 9Fe2,1) 2(OH)2 458 | 444 258 5.6 
Akermanite....... Ca2MgSi207 143 150 80 5.4 
NaAlSizOs 167 168 83 4.9 
Almandite........ FesAlo(SiOs)s 195 190 125 6.6 
Amblygonite...... LiAl(PO,) F.1/4H20 47 5.8 | 6.7 incl. 
Analcite......-.-- as. 20 163 161 61 3.7 | 4.5 incl. H2O 
Anatase........-- 34 33 21 6.3 
Andalusite......-. 2Al7,4) (SiOx)«[O2, s(OH):.,2] 348 | 344 | 205 6.0 
Andradite......... 225 217 134 6.1 
Anhydrite........ 30,4 77 75 36 4.7 
Anorthite......... Ca(Al:Si2O0s) 84 5.0 
Anorthoclase..... . Na, 5K. 25(AISisOs) 85 4.9 
Mas 443 436 252 
Cas(PO.)sF 266 260 138 5.3 
K,sCa2(SisOi0) F.s4H2O0 322 320 117 3.6 | 5.1 incl. 
Status of H 
undecided. 
Aragonite..... CaCOs 57 56 24 4.3 
Astrophyllite. . (NazK2Ca) ope (SizO 2e(OH)s {1009 {1001 561 5.6 
Axinite..... H(CazFe) B Als(SiOs)« 290 282 169 5.9 
Babingtonite CazFe!! Fe™!Si;0u(OH) 284 290 161 5.5 
BaSO, 86 86 44 5.1 
Benitoite . BaTi(SiOs)s 189 183 102 5.6 
Bertrandite. Bes(SizO 7) (OH): 153 149 92 6.1 
BesAl2(SiOs)« 334 365 177 5.1 
BeO 13.7| 13.7 9.8) 7.2 
TiOz 33 32 21 6.4 
Mg(OH): 41 40 27 6.7 
CaCOs ; 61 | 61 | 24 | 4.0 
(Nas,3Ca,») (Als. 9Sis,102) 
3)1,1.2H20 299 4.4 | 4.7 incl. 
Sr 102 37 35 21 6.0 
Ba(Al2Si20s) 92 5.0 
Chabazite (CasNa) 40H:20 822 3.1 | 4.7 inel. H2O 
(See Prochlorite) 
Chloritoid........ (Pe. 5M (OH)« 149 6.2 
Chondrodite...... 182 181 107 5.9 
Chromite......... FeC 75 73 43 5.9 
Chrysoberyl....... Bei. 58 54 40 7.2 
Chrysotile........ {ies serpentine) 
Clinoenstatite..... 31 6.0 
Clinohumite....... rh Mer 327 326 196 6.0 
Clinozoisite....... Ca2Als(SiOs)3(OH) 225 232 140 6.1 
Clintonite........ (OH). 399 5.8 
Cordierite......... gi,2Fe,s) (AlsSisOis) 387 390 182 4.7 | ZO: classifica- 
tion not estab- 
lished. Possi- 
bly allied with 
beryl (ZOs). 
Corundum........ AlsO3 31 7.2 
Cristobalite (high).| SiOz 45 19.5) 4.3 
Cristobalite (low)..| SiOz 44 43 19.5) 4.5 
Cronstedite....... FesFe2(Fe2Si2010) (OH)s 89 5.2 
Cryolite.......... a. 72 6.2 
Cummingtonite. . ++] Qa. 2F ee, 8) (Sis011) 2(OH) 2 447 | 456 | 249 5.5 
| 80 77 34 4.4 
Cuspidine......... Cas(SizO 2) F2 108 5.1 
CaB2(Si207)O 137 135 83 6.1 | classifica- 
tion not defi- 
nitely estab- 
lished 
CaB(SiO.) (OH) 90 88 55 6.2 
Diamond......... 6.0} 5.6] 1.9} 3.4 | Non-ionic 
Diaspore.......... HAI1O2 29 29 20 7.0 
Diopside.......... 110 | 109 65 5.9 
Dolomite......... CaMg(COs) 107 | 106 46 4.3 
Na 7)(OH). 521 524 323 6.2 
Dumortierite...... AlsB( 7 202 6.4 
Enstatite Sore gSi 52 52 31 6.0 
Epidote.......... sions OED 140 6.1 


*As HeO in zeolites, montmorillonite, vivianite, etc., is a loosely held molecule, not an ion 
like (OH)!-, it is excluded in the computation of true packing index of such minerals. The index 


which includes H2O is given in the column headed “Remarks.” 
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Taste 4.*—Reference list of minerals—continued 
Cell | Cell | 7 inns Pack- 
Mineral Formula used vol. | vol. | vol |. ing Remarks 
(calc.)|(expt.) * | index 
Epsomite......... {gSO.7 33 1.4 | 4.5 inel. 
Fayalite.......... Fe2Si 44 5.7 
Ferrodolomite..... CaF "e(COs)s 107 111 46 4.2 
Forsterite.... . ..| 73 73 43 5.9 
Gahnite... Zn! 66 66 42 6.4 
Gehlenite. . CashicAisio» 150 150 79 5.3 
Gibbsite.. . Al(O 55 53 35 6.5 
Glauberite. 74 4.5 
Glauconite (K.2sCa.14Na.2s)(Al.47Fe.97Mg.soFe.19)| 261 237 128 5.1 
(Al. (OH)2 
Glaucophane 842 | 910 | 505 5.7 
Goethite HFeO: 35 34 22 6.3 
Graphite Cc 9.3) 8 1.5} 1.7 | Non-ionic 
Grossularite 213 | 207 133 6.4 
Gypsum CaSO,. 124 123 36 2.9 | 4.7 incl. H:0 
Gyrolite 3H:0 189 4.1 | 4.9 incl. 
Halite. . 46 45 26 5.8 
Hambergite Bex BOs) 66 34 5.1 
Hedenbergite CaFe(SiOs)2 65 5.5 
Helvite...... sFes, ‘es, 1) (BesSisOxu)S2 564 549 | 301 5.4 
Hematite Fe2O3 34 6.6 
Heulandite (CasNa) (AluSi290s0) .25H20 816 3.5 | 4.8 incl. H:0 
but undoubt- 
edly close to 
this value 
Humite...........| 3Mg2Si04. MgF2 253 | 253 150 5.9 
Hypersthene...... Mg. 1Fe_.29(SiOs) 32 5.9 
32 33 11 3.3 | Non-ionic 
FeTiOs 32 6.4 
Kaolinite......... AleSi205(OH)« 167 163 96 5.8 
MgSO,. 33 3.7 | 4.9 incl. HO 
Kornerupine. ..... Mano. Al;o(SiO,) sO 734 | 729 | 444 6.1 
(Na.2Alz, )(SiO s(OH).s]} 301 288 202 7.0 P 
Lawsonite........ CaAle(Siz0 7) (OH) 2H20 168 172 98 5.8 | 6.4 incl. HO. 
Status of H not 
definitely es- 
tablished 
(FeMg) Als(PO,4)2(OH)2 96 5.7 
Lazurite.......... Se 221 4.6 
Naa(AleSigO2) Fo 251 4.9 
K(AISi20¢) 147 143 69 4.8 
Leucophanite...... (CaNa) Be(SizO6F) 137 136 77 5.6 
Magnesite........ ee 48 45 21 4.8 
Magnetite........ 75 74 44 5.9 
Margarite......... Cals Als i2010) (OH) 2 218 | 223 128 5.8 
Marialite......... Nas(AlsSigO2) Cl 563 554 277 5.2 
Meionite.......... Caa(AlsSicOx) (COs) 557 554 287 5.2 
Ca2Mg.sAl.s(Al 507) 145 150 80 5.3 
Merwinite........ CasMg(SiO,)2 94 5.4 
Microcline........ K(AISisO3 182 174 89 5.0 
Mirabilite......... 46 1.3 | 4.3 inel. H:0 
Monazite......... e(POs) 41 5.4 
Monticellite....... CaMag(SiO. 83 85 46 5.4 
Montmorillonite... 12H:0 416 3.6 | 4.8 incl. H:0 
Ale(SiOx) 20s 131 5.6 | Alalwayssome- 
whatlessthan6 
Muscovite........ (OH) 2 238 234 132 5.5 
Natrolite......... Naus( AlieSizsO so) . 16H20 2256 |2238 | 856 3.8 | 4.6 incl. H:0 
Nephelite......... 92 93 44 4.8 
Niter (Saltpeter).. KN 80 80 24 3.0 
Norbergite........ 107 105 68 6.4 
Ca2(SisO10) .4H2O 107 3.5 | 4.9 incl. H:0 
Orthoclase........ K(AISisOs) 182 174 89 5.0 
Pectolite.......... CasNa2(Sis0s)2(OH)2 395 203 5.2 
M 18.4/ 18.5} 11.6) 6.3 
Perovskite........ CaTiOs 35 6.2 
Phenakite........| BesSiO. 62 62 39 6.3 
Phlogopite........ KMg;,25(Al_.sSis.sO10) (OH)2 252 | 247 140 5.6 
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Cell | Cell | yon Pack- 
Mineral Formula used vol. | vol. | voy ing 
(cale.)|(expt.) index 
Polylithionite.... . KLizAl (SisOi0) F2 132 §.7 
ers CazAl(AISisO10) (OH 242 | 238 132 5.5 
Prochlorite........ Sb. sOi0) (OH) s 337 | 348 | 200 5.8 
Pseudobrookite....} FesTiOs 91 52 5.7 
Pumpellyite....... H:O0 246 140 5.7 
192 191 124 6.5 
Pyrophyllite Ala(SisO10) (OH) 2 215 212 122 §.7 
Quartz (low)...... SiOz 38 37 19.5} 5.2 
Se MnSiOs 61 60 32 5.3 
Riebeckite........ (OH) 509 5.6 
TiOz 32 31 20 6.6 
Sanbornite. . .| Baz(SisO10) 124 
Sanidine (Na-tieh). 86 4.9 
Saponite Mee, 2sAl_36(Al. ssSis,64010) 
)a.28- 4H 142 4.0 
0s 168 174 104 6.1 

CasAleSisOi2 259 |......] 133 5.1 

CaWwO, 78 78 45 5.8 
NaFesBsAls(AlsSicO27) 540 | 524 | 324 6.0 
Seolecite Ca(AlSisO10) .8H20 104 3.8 
Serendibite........ 282 6.5 
Serpentine........ Ma;(SizOs) (OH)« 186 180 101 5.4 
Shattuckite....... 2Cu(SiOs) . H:0 77 5.9 
Se FeCOs 50 50 22 4.4 
Sillimanite........ Ns s(OH) 335 | 323 | 201 6.2 
Soda (see Natrite) . Na:COs. 10H:0 27 .8 
Soda Niter........ NaNOs 63 66 18 2.8 
eae Nas(AlsSicOx) Cle 712 | 703 | 319 4.5 
Spessarite.... . MnsAle(SiO,)s 197 195 127 6.5 
66 66 42 6.4 
Spodumene....... LiAl(SiOs)2 61 6.2 
Cas(SiOu)2(COs)? 115 4.7 
Staurolite......... Na_4Fes,2Me,sAlis(SiO«) sO1e. H2O 768 732 492 6.7 
Stilbite wil CasNae(AlioSisoO .20H2O 2433 12195 805 3.5 
Stilpnomelane.... . sFe. 7Fes,2Al 33) 

AISi11030) (OH) 12 693 695 452 6.5 
(OH): 230 225 126 5.6 
Thenardite........ a2SO4 38 4.3 
Thermonatrite..... Na2CO;. H20 37 2.0 
Thomsonite....... 0) 24H:O 2335 |2248 847 3.7 
(Tis,s5Al 65 
(AL 2sSis, Ox 372 368 223 6.0 
eee Als(SiO«) F2 87 85 60 7.0 
Tourmaline....... 
(See Schorl) 
Tremolite......... Ca2Mg;(SisOu1)2(OH)2 452 | 440 | 257 5.8 
(low). SiO 19.5} 4.6 

Al(PO,) .2H20 108 20.8) 38 
s(Al, sSis,2010) (OH)«.4H2O 151 4.3 
Vesuvianite 7) 2(SiO«)s(OH)« 707 | 722 | 433 6.1 
Vivianite......... Fes(PO,)2. 8H20 76 2.4 
Wavellite Als(PO4)2(OH)3.5H20 106 3.6 
Willemite. . An2SiOg 93 94 44 4.7 
Witherite . ..| BaCOs 76 90 33 3.7 
Wolframite.......| Fe.sMn.s(WOu) 69 |...... 43 6.2 
Cas(SisOs) 02 ? 400 392 205 
Xenotime YPO, 67 71 38 5.3 
Xonotlite......... Ca3(SisOs) (OH): 116 5.1 
Zeophyllite Cas(SiOs)5(OH) sF2 298 5.4 

SE Zn 49 46 24 5.3 
Se Zr(SiOs) 68 64 43 6.7 
Zoisite............| Cas Als(SiO4)s(OH) 227 | 229 | 140 6.2 
Alis(SiO4)s{(OH) 1sFs}Cl 670 | 656 | 431 | 6.5 


Remarks 


6.1 incl. Hx0 


5.2 incl. H2O 


Classification 
undecided 


5.0 incl. H2O 
6.8 incl. 


Non-ionic 
4.2 incl. HxO 


Classification 

undecided 

6.9 incl. H:O 
(Jakob for- 
mula) 

5.0 incl. HzO 


2.8 inel. 
4.9 incl. 


6.0 incl. H2O 
5.5 incl. H2O 
Classification 
not definitely 
established 

5.1 inel. 
5.4 incl. H2O 


*As H2O in zeolites, montmorillonite, 
like (OH)!-, it is excluded in the computation of true packing index of such minerals. 


vivianite, 


etc., is a loosely held molecule, 


which includes HO is given in the column headed ‘‘Remarks.” 


not an ion 
The index 
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the same as C, and that the majority of the oxides are more closely packed 
than the cubic open packing type. 

D (index 7.40) represents the closest packing of uniform spheres. E 
(index 8.00) represents still tighter packing in which the interstices of g 
system of close-packed uniform spheres are occupied by smaller spheres 


TaBLeE 5.—Summary of relations of some mineral constants to fundamental crystal- 
structure data 


Dependent on 
Constant 
Constant Ion co-ordina- 
Ion tion; (no. of Pm Atomic related to 
radius ar, (valence) number 

Packing index........ x Volume 
Refractive index... .. x x x x Light transmission 

(vectorial) 

(vectorial) 


of maximum volume. For practical purposes such a system possesses 
the maximum packing index. A number of the minerals listed in Table 4, 
consisting of ions of two contrasting volumes, are close packed in this 
way. In topaz and kyanite (index 7.0), corundum, chrysoberyl, and 
bromellite (index 7.2) is developed the maximum closeness of packing for 
silicates and oxides, respectively. 


MINERALOGIC CORRELATIONS OF PACKING INDEX 
CORRELATION OF REFRACTIVE INDEX AND DENSITY WITH PACKING INDEX 


Introduction —It has long been known that density and refractive index 
are closely related and that, in a series of compounds, variation in the 
one constant is accompanied by variation of the other in the same direc- 
tion. It becomes obvious also that, in general, variation in packing index 
will be accompanied by variations in the same direction of both density 
and refractive index. In particular, however, packing index does not vary 
directly with these two associated quantities, except in the special case 
of polymorphous series where numbers and kinds of ions are the same. 
The magnitude of packing index, density, and refractive index is governed 
by a specific group of ion properties, as summarized in Table 5. The type 
of packing, or co-ordination of the ions, is the only common factor they 
possess. Density is characterized by dependence on the atomic number 
(and weight) of the elements in a compound. In contrast, ion volume, de- 
pendent on radius, is essential for determination of packing index. 
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Refractive index presents greater complications, especially in anisotropic 
crystals, where vectorial properties are important, and an adequate dis- 
cussion is not attempted here.© The magnitude of the mean refractive 
index of an ionic crystal is governed to a considerable degree by the re- 
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Fiaure 4.—Atomic number—ion refractivity relations 
Based on H** refractivity = 0. 


fractivity of the individual ions in the compound. (See Table 3.) Ion 
refractivity varies with atomic number in the same way as ion radius and 
is a periodic function; Figure 4 shows this clearly and also indicates that, 
quantitatively, the refractivity of the anions is more critical than that of 
the majority of cations, a parallel condition already noted for volumes of 
ions in any unit cell. 

To illustrate the general dependence of packing index, density, and 
refractive index on each other, and at the same time to indicate specific 
points of independence, Figuies 5 to 14 have been prepared which com- 
bine all three sets of data. The minerals have been subdivided as far as 
practicable into compositional groups and are arranged in order of in- 


5For an introduction to crystal structure—refractive index relations see Evans (1939, p. 270) and 
Bragg (1937, p. 120). 
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creasing packing index (left). To the right, two-way horizontal columns 
indicate the magnitude of the corresponding density and mean refractive 
index. A preliminary glance at all of them shows a general increase of 
density and refractive index with increase in packing index. Detailed 
inspection shows marked prominences and indentions in the density- 
refractive index columns, which are in part explainable in terms of relative 
ion refractivity and atomic weight. The proportions of especially dis- 
turbing ions are indicated at the left as black sections of various sizes, 
The conspicuous features are listed in the captions to the figures and are 
further summarized in the following section. 


Discussion of data.—The general characteristic of these figures—in- 
crease in density and refractive index with increase in packing index—has 
already been noted. This might be stated in more fundamental terms as 
total ion mass/unit cell and total ion refractivity/unit cell vary directly 
as total ion volume/unit cell. The modifying influence of individual ions 
will now be considered. 

Anions: As most of the minerals under investigation are essentially 
oxygen compounds, comparison of the effect of other anions is best made 
in terms of O* as a base. 


(OH)* As far as the writer is aware, the effect of (OH)* on the 

density and refractive indices of ionic substances has not 
previously been discussed. Of two substances of approximately the same 
packing index, one containing (OH)* and the other none (or smaller 
quantities), the former has invariably lower density and refractive indices 
than the latter. (Compare kaolinite and pyrophyllite in Figure 5; 
zeophyllite and gehlenite in Figure 7; prochlorite and clintonite in Figure 
9; friedelite and rhodonite in Figure 11; spinel and gibbsite in Figure 12; 
wavellite and variscite in Figure 13. The cause of the depression in 
density is obvious from valence considerations, as the following example 
illustrates. 

The ratio of the anions (OH)'- and O* in pyrophyllite Al,(Si,O,0) 
(OH), is 2:10; in kaolinite Al.(Si,O;) (OH), it is increased to 8:10. As 
the univalent (OH)'*- has essentially the same mass as O*, but requires 
only half as many of the heavier cations to neutralize its charge, the 
resulting density of kaolinite is notably less than pyrophyllite. 

The cause of the relatively low refractive indices of OH-rich sub- 
stances is undoubtedly related to the low refractivity of (OH)* com- 
pared with O*-. As it is also more readily polarized than O*, the difference 
between their refractivity as free ions (6.84 minus 4.8) is probably ac- 
centuated where they occur as ions in combination. 
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F* The influence of fluorine in depressing the refractive index and 
density of some substances relative to others richer in O* is well 
known. Notable contrasts of this kind where packing indices are approxi- 
mately the same are: kyanite and topaz (Fig. 5); sarcolite and cuspidine 
(Fig. 7); enstatite and chondrodite (Fig. 8). The depression of density 
of topaz, cuspidine, and chondrodite is caused by the same factor as illus- 
trated for (OH)*"—~. e., fewer cation charges are required in F-rich than 
in O-rich substances. Figure 4, showing the relative refractivities of O7 
and F*-, indicates clearly the reason for the contrast in refractive indices. 
The contrast in refractive index shown by the chlorides and fluorides 
of Figure 13 is particularly worthy of note. Despite the higher packing 
index of the fluorides, their refractive indices are much lower than those 
of the chlorides. 


CI- The influence of Cl*- relative to O* is obscured in most ionic minerals 

because of the small amounts present. A positive effect seems clear, 
however, in albite and marialite (Fig. 8). The explanation of the lower 
density of marialite is similar to that for substances rich in (OH)* and 
F'. The higher refractive indices are due to the high refractivity of Cl’ 
relative to O? (Fig. 4). 

Cations: Unlike O* among the anions, there is no omnipresent cation 
in these ionic minerals which will serve as a base for comparison of relative 
density and refractive indices. This raises no difficulty with respect to 
density, as, for substances with the same packing index, variations in 
density depend directly on the elements present. No further discussion of 
density is therefore necessary. The known values of ion refractivity, 
however, are correlatable only in part with refractive indices. For pur- 
poses of discussion the cations are divided arbitrarily into two groups 
based on ion refractivity > or < 1. Inspection of Figure 4 shows that 
H, Li, Na, Be, Mg, Fe?+, Mn, B, Al, Se, Si, Ti, Zr, N, P comprise a low 
refractivity division; K, Rb, Cs, Ca, Sr, Ba, Y, Ce form a high refractivity 
group. As most of the minerals under investigation contain a number of 
cations, the specific effect of the refractivity of any one is not always easy 
to determine. This contrasts with the anions, which are few in number 
and predominantly oxygen. Only those cations therefore which seem to 
influence the refractive indices conspicuously are singled out for special 
mention. The low refractivity group is discussed first. 


B’+ Although the refractivity of B*+ is low, its presence in ionic com- 
pounds seems to lower refractive indices to a greater degree than 
other ions such as Be?+ of comparable refractivity. Examples showing 
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the influence of B*+ are: kornerupine compared with sapphirine in Fig- 
ure 5; datolite and danburite compared with zoisite and vesuvianite in 
Figures 7 and 8, etc. It cannot yet be claimed definitely that borates have 
relatively low refractive indices, as too few structural data are available 
for computation of packing indices. 


Tit+ The role of Tit+ seems to be anomalous, as its refractivity is 

incompatible with the abnormally high refractive indices of its 
compounds. (Compare titanite with diopside in Figure 7; benitoite with 
sanbornite in Figure 11; rutile with spinel in Figure 12, etc.) The refrac- 
tive indices of these Ti-bearing substances are much higher than those of 
many minerals containing ions in the high refractivity group. Some other 
factor must operate which is not yet taken into account. 


Zr*+ This ion presents the same problem as Ti*+—low refractivity and 
conspicuously high refractive indices (zircon in Figure 11, and other 
rare zircon minerals not listed in Table 4). 


Li‘+ The correlation of Li'+ refractivity with the refractive indices of 

its compounds is not very definite as far as the present study goes. 
Of the Li-rich minerals included in Table 4—petalite, spodumene, ambly- 
gonite, polylithionite—all have low refractive indices with respect to their 
packing indices. Comparison of jadeite with spodumene (packing index 
of jadeite > packing index of spodumene) indicates no particular influence 
of lithium compared with sodium, as the refractive indices of the two 
minerals are about the same. This does not correspond with Figure 4. 
On the other hand, petalite, having lower refractive indices and packing 
index than nepheline (Fig. 5) possibly indicates lower refractivity of 
lithium compared with sodium. Inspection of the slope of the refractive 
index columns as a whole in Figure 5 seems to show that the difference in 
refractive indices of petalite and nepheline is greater than that demanded 
by the difference in packing index of the minerals. 

Comment on amblygonite and polylithionite would add little to the 
above, as the effect of fluorine and possibly of water in the former, and of 
potassium and fluorine in the latter, is difficult to evaluate. In summary, 
it may be said that presence of Li’+ in appreciable quantities permits 
general correlation of refractive indices with refractivity but shows little 
correspondence in some of its details. 


Fe?+ Numerous examples show that the low refractivity of Fe?+ is not 
in accord with the refractive indices of Fe?+-rich substances as 
a whole. Selected pairs of minerals of approximately equal packing index 


MINERALOGIC CORRELATIONS OF PACKING INDEX 


GeneraL Nore Recarpine Ficures 5 To 14 


Compositional groups arranged in order of increasing packing index (left). Varia- 
tion of density and refractive index shown in double column (right). The packing 
index of minerals containing H.O molecules is computed both with H:O (broken 
line extension of the columns) and without H.O (heavy unbroken line). The re- 
fractive index and density of such minerals refer only to those with the normal 
content of water. Proportions of selected cations and anions shown in the packing 
index columns. 
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Ficure 5.—Packing index-density-refractive index relations of Al-rich silicates 


Montmorillonite—The relatively low density and refractive index are probably related to Mg*+ and 
(OH)!-, neither of which is present in the neighboring Ca-rich zeolites. 
Cordierite—Sharp increase in density and refractive index due largely to presence of Fe*+, absent in 
immediate neighbors. 

Celsian—Ba?+ is undoubtedly the disturbing element here. 
Kaolinite—Both density and refractive index are relatively depressed. Referable to (OH)!- (45% 
of total anions) 
Zunyite—Indentation in density and refractive index columns referable to (OH?- and F1-). No other 
anion except a single Cl-. 
Topaz—High F1- content seems to be related to the relatively low density and refractive index. 
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—chloritoid-zoisite (Fig. 5), tremolite-actinolite and enstatite-hypersthene 
(Fig. 9)—indicate the effect of Fe?+ in raising refractive indices relative 
to Mg*+, Ca?+, ete. It is to be noted that the refractivity of Fe?+ is 
less than that of K"*, yet the refractive indices of Fe**-rich compounds 
exceed without exception those of K'+-rich substances. 

The remaining cations of the low refractivity group—Na't, Be’+, 
Mg?+, Al*+, Sit+—are not conspicuous in any way with respect to the 
refractive indices of their compounds. More complete study of groups 
of compounds, not necessarily minerals, might permit closer correlation. 


K'+ The refractive indices of K-rich minerals are uniformly low com- 

pared with others of the same packing index. (Compare nepheline 
with leucite in Figure 5; prehnite with muscovite, also in Figure 5; tale 
with phlogopite in Figure 9; actinolite with biotite in Figure 11.) This 
does not accord with the high refractivity of K'+ relative to the prominent 
cations in prehnite, nepheline, talc, and actinolite. 


Fe*+ No information is at hand concerning the refractivity of Fe*+, but, 

from all indications based on refractive indices of Fe*+-rich com- 
pounds, its value should be high. This has long been appreciated by 
mineralogists. Using similar packing index as a basis for comparison, 
the following serve to illustrate the important influence of Fe*+; acmite 
and hypersthene, ilvaite and schorl (Fig. 11), magnetite and chromite 
(Fig. 12). Birefringence increases also with increase in Fe*+, but it is 
not considered necessary for present purposes to give details of this char- 
acteristic. 


Ba*+ The refractivity of Ba?+ is anomalous with respect to the mean 
refractive index of those barium compounds included in Table 4. 
Comparison of celsian with anorthite (Fig. 5) shows conformity of relative 
refractive indices and refractivity, although the difference in refractive 
indices is possibly smaller than might be expected. In contrast, sanbornite 
and fayalite show a strong reversal of refractive indices compared with 
the refractivities of Ba**+ and Fe*+. No explanation of this is apparent. 
In conclusion, positive correlation of refractivity and refractive indices 
is possible for one cation only, B°+. Others such as Titt, Zr*+, K*+ show 
complete reversal of the expected correlation. Of these latter, all except 
K'+ have high valency and are either transition or rare-earth elements 
(Evans, 1939, p. 17). What significance, if any, may be attached to this 
circumstance is unknown. 
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Ficure 6—Packing index-density-refractive index relations of K-rich silicates 
Projection of the density column of biotite undoubtedly related to Fe. 
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Figure 7—Packing indez-density-refractive index relations of Ca-rich silicates 
Spurrite—High refractive index and density probably dependent on presence of (COs)?-. 
Zeophyllite—Conspicuous indentations due to abundant (OH)!-. 

Titanite—Disproportionately high refractive index related to Ti*+. 


Vesuvianite —As B*+ is common to all three, and is absent in neighboring minerals of similar pack- 
Danburite ing index, it is undoubtedly the disturbing factor in the low density and refractive 
Datolite index. 


Andradite—Presence of Fe®+ is significant as the cause of the high density and refractive index. 
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Comparing anions and cations, the refractivity-refractive index corre- 
lation of the former is much more satisfactory than that for the cations, 
As mentioned on a previous page, a fair comparison of cations is hampered 
by the numbers of these present in many minerals, particularly in silicates, 
whereas anions are few in number, with predominant oxygen (fluorides 
and chlorides excepted). Nevertheless, there are fundamental discrepan- 
cies in the refractivity-refractive index correlation for certain substances 
which demand further explanation than the author is able to give at the 
present time. 

Water Motecutss: In addition to the above discussion of ions, the role 
of water molecules merits brief attention. With a few exceptions H,0 in 
ionic minerals is confined to those of low packing index, and only these 
are considered here. Density and refractive indices for these minerals 
are referable, however, to that packing index which includes the water 
content (broken line extensions of packing index columns). 

The refractive indices of the zeolites (Figs 5, 7, 8) indicate no con- 
spicuous influence of H-O compared with H,O-free substances of slightly 
higher packing index. Apophyllite (Fig. 6) shows normal relations with 
leucite, the difference in refractive index being referable to differences in 
packing index alone. The similar refractive indices of vermiculite and 
cordierite relative to their dissimilar packing indices (Fig. 9) are explain- 
able in terms of Fe?+, which raises refractive index, and OH*, which 
lowers it. The water-bearing sulphates of Figure 13 show apparently 
normal relations. In the phosphate group (also in Figure 13) all apparent 
discrepancies among the water-bearing minerals may be explained in 
terms of particular ions—Fe?*+ in vivianite, (OH)* in wavellite, Li'+ and 
F* in amblygonite. 

The single conspicuous exception to the above is found in the carbonate 
group (Fig. 14), where the difference in refractive indices of natrite and 
thermonatrite seems to be referable to the packing index computed for 
ions only, and not to the index which includes water molecules. In general, 
however, presence of H.O molecules does not seem to influence refractive 
indices conspicuously for substances of about the same packing index. 

As the refractivity of free O?- is considerably higher than that of H.0 
it may be assumed in explanation of the above that polarization of O* 
in these water-bearing compounds is sufficient to reduce O* refractivity 
to values comparable with that for H.O (3.7). Following a method re- 
cently used by Kordes (1939b) it is possible to determine the actual 
refractivity of O?- in ionic oxygen compounds and to compare this 
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Ficure 8—Packing index-density-refractive index relations of Na-rich silicates 


Cancrinite—The slightly excessive projections may be attributed to (COs)?+. 
Riebeckite—The influence of Fe*+ is probable here. 
Marialite—Only chlorine could be responsible for contrast in density and refractive index with albite. 
Acmite—The disturbing ion is probably Fe*+. 
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Ficure 9.—Packing index-density-refractive index relations of Mg-rich silicates 


Serpentine—High content of (OH)!- is undoubtedly related to indentations in refractive index and 
density columns. 
Phlogopite—Slight indentation in refractive index column relative to tale column is probably due to K+. 
Prochlorite—Indentations not as pronounced as serpentine, although (OH)!- content just as large. 
Presence of iron is probably a contributing factor. 


Chondrodite 
Humite 
Kornerupine 
Serendibite 


—Boron is probably the significant element here. 


—Slight depression of refractive index and density probably related to fluorine content. 


Dravite—B*+ and (OH)!- probably responsible for the even greater indentations in refractive index- 


density columns than shown by kornerupine and serendibite. 
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value with that of free O?-. The molecular refractivity MR of a sub- 
stance is approximately equal to the sum of the refractivities of the ions 
of the substances. It is also related to molecular volume MV and the 
mean refractive index n. Thus— 
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Ficure 10.—Packing index-density-refractive index relations of miscellaneous silicates 


Be-rich silicates 
Helvite—Abundant heavy cations explain the high density and refractive index. 
Bertrandite—Low density and refractive index relative to leucophanite probably dependent on 
presence of calcium in the latter and the considerable amount of (OH)!- in bertrandite. 
B-rich silicates 
Density-refractive index columns have a definite concave outline. This seems due to the presence 
of more B**+ and (OH)?- in the middle group—danburite, dravite and datolite—than in other minerals 
of the series. 
Al silicates 
This is a polymorphous group. The expected gradual increase in density and refractive index with 
increased packing index is clearly shown. The slightly different composition of mullite is probably 
responsible for the protuberance of its refractive index column. 
Si silicates 
This is likewise a polymorphous group. Density increases regularly with packing index; the refractive 
indices are somewhat irregular. 
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By assuming the refractivity of each small cation in a compound to 
have the same value as that of the corresponding free cation (no polariza- 
tion), the value for O?- can be determined without difficulty: 


MR -> TReations +>) TRanions (= 


Calculation of a few representative examples shows that O?~ refrac- 
tivity in compounds is ordinarily much less than the free ion value (in 
quartz 3-55, diopside 3-94, periclase 4-22, titanite 5-04, etc.). It seems 
possible, therefore, to interpret at least approximately the above con- 
clusion regarding water-bearing substances in terms of actual refractivi- 
ties of O?- and H.O. 


CORRELATION OF HARDNESS WITH PACKING INDEX 


Introduction.—Hardness, as defined by the Mohs scale, is the least 
precise mineralogical “constant” in current use. It is determined on a 
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Ficure 11—Packing index-density-refractive index relations of unclassified silicates 

The irregular density-refractive index double column contrasts with the more regular columns in 
the classified compositional groups just described. Kinds and proportions of the chief cations (except 
silicon) and anions (except oxygen) are indicated at the left of the table. Large amounts of Fe*+ 
seem to raise the refractive index disproportionately, except in stilpnomelane, which contains a con- 
siderable amount of (OH)!-. Titanium has a similar tendency, as shown by the contrast in benitoite 
and sanbornite. Zirconium (in zircon) also influences density and refractive index rather strongly 
compared with the effect shown by other elements. R-unclassified ions. 
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relative, not an absolute, basis, with very large inequalities in the in- 
tervals between successive steps in the scale. Various attempts to stand- 
ardize the determination and to obtain consistent quantitative results 
have not been particularly successful. One obvious difficulty, especially 
in optically anisotropic crystals, is the variable hardness on differ- 
ent planes and in different directions within a plane. A second is 
the interfering effect of cleavage planes which happen to intersect the 
surface being tested. In addition to a general lowering of hardness, the 
interference of such planes may yield two discrepant values where tests 
are made in the same crystal direction, but with opposite direction-sense. 
A third, true for all materials, is the possible occurrence of abundant 
alteration products or inclusions, which may easily escape notice if no 
microscopic examination is made. In the discussion to follow only the 
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Ficure 12.—Packing index-density-refractive index relations of oxides 
Gibbsite ) —Indentation in refractive index-density columns undoubtedly related to presence of 
Brucite i (OH)*- as the only anion. 

Chrysoberyl—Higher refractive index and density than bromellite (see Table 4) for same packing index 
apparently related to absence of Al in bromellite. 
Hematite—Disproportionately high refractive index related to abundant Fe*+. Contrast this with 
refractive index of chromite, which contains only Fe?+. 

Rutile 
Brookite —Polymorphous series with regular increase in density and refractive index. 
Anatase 
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first two effects will be considered, as the third one can be eliminated by 
selection of unaltered material. 

The hardness “scratch” test is one of the many methods of determining 
the strength of a crystal. From the previous discussion of ion packing it 
might be expected that a cell composed of closely packed ions would be 
stronger (and harder) than another less tightly packed. This is strictly 
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Ficure 13.—Packing index-density-refractive index relations of sulphates, phosphates, 
chlorides, fluorides 


Sulphates 
The indentations in the refractive index columns correspond well with those of the packing index 
columns if the broken line extensions (computed for water) of mirabilite, epsomite, gypsum, and 
kieserite are used for comparison. Alunite does not show the anticipated relative increase in refractive 
index, probably due to its (OH)!- content. 

Phosphates 
Vivianite ) —Reversed position of density-refractive index columns relative to packing undoubtedly 
Wavellite ( related to Fe®+ in the former and to (OH)!- in the latter. 
Xenotime ) —Increase in density and refractive index seems disproportionate. Y and Ce are the 
Monazite ( significant ions. 
Lazulite—Lower density and refractive index compared with apatite probably related to (OH)!-. 
Amblygonite—Density and refractive index do not show increases compatible with the packing 

index (water content included). Undoubtedly related to lithium and fluorine content. 


Chlorides 


No comment necessary. 
Fluorides 


Presence of calcium in fluorite is probably related to its relatively high density and refractive index. 
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true for polymorphous substances and appproximately true for chemically 
dissimilar compounds, but is modified by other factors outlined by Gold- 
schmidt (1926, p. 102). In simple binary compounds it has been shown 
that the hardness of compounds of the same structure type varies in- 
versely with interionic distance and directly with valence (Table 5), 
That is, the relative hardness of two ionic compounds such as MgO and 
NaCl may be predicted with certainty, as on both the above-mentioned 
grounds MgO should be, and is, much harder than NaCl. As most of the 
minerals treated in this paper contain more than two ions, the combination 
of multiple interionic distances and valences is more difficult to reconcile 
with mean hardness. An attempt has been made to neutralize the valence 
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Ficure 14—Packing index-density-refractive index relations of carbonates, nitrates, 
borates, tungstates, nonionic minerals 
Carbonates 
Natrite ) —The reason for the reversal from the expected conditions (using packing index 
Thermonatrite if computed with water) is not apparent on compositional grounds. 
Ferrodolomite pier protuberances in the density-refractive columns of these minerals are clearly 


Siderite referable to Fe?+. 
Nitrates 


As will be shown, the reversal in the packing index-density columns is probably not due to the 
compositional difference of the two minerals concerned. 


Tungstates 
No comment required. 
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yariable by computing for each mineral an average bond content per cu. A, 
aquantity which is obviously dependent on the valence of the component 
jons. Thus in orthoclase, KAISi,Os, there are 16 bonds between anions 
and cations per formula unit. As there are four formula units in the unit 
cell of orthoclase, these 16 bonds are distributed over 5 = 174 cu. A, and 
the number of bonds per cu. A = .092. It is convenient to use the expres- 
sion “bonding index” for this quantity.® In optically anisotropic crystals 
the bonds are not evenly distributed throughout the structure, and the 
value obtained by the above method is a mean which does not hold strictly 
for individual cubic Angstrom units. This is particularly true of minerals 
with micaceous cleavage in which the number of bonds per unit area 
parallel to such planes is conspicuously less than along other planes. This 
matter is considered in more detail on a subsequent page. For most min- 
erals, however, this extreme maldistribution of bonds is not an important 
factor, and it is possible to correlate mean hardness with bonding and 
packing indices. 

Figures 15-20 are drawn similarly to Figures 5-14, with minerals ar- 
ranged in order of increasing packing index. Structural instead of com- 
positional grouping is the basis of this set of figures wherever possible 
(phosphates and sulphates excepted, owing to absence of complete struc- 
tural data). Hardness and bonding index are shown exactly as were 
density and refractive index in Figures 5-14. The hardness subdivisions 
represent an approximate quantitative scale, for, despite the lack of com- 
plete agreement concerning methods and results, most of the scales so 
far determined are similar in broad outline, and any one of them is 
superior to the Mohs scale for graphic illustration. The writer has there- 
fore selected a recent scale set up by Hodge and McKay (1934), in which 
an average absolute value of hardness for each mineral of the Mohs scale 
has been determined. The hardness of other minerals not determined 
quantitatively may then be plotted with approximate accuracy by inter- 
polation. 


Discussion of data.—Inspection of this group of figures indicates a gen- 
eral correlation among hardness, bonding index, and packing index and 
shows that most of the discrepancies are found in the hardness columns. 
As might be expected, the simpler binary compounds (Fig. 15) show the 
best agreement. 

Halite group (Fig. 15)—Periclase contrasts strongly with sylvite and 
halite owing to (1) discrepancy in size of its cation and anion, which per- 


*This mode of attack is not so fundamental in character but is much simpler to grasp than 
the method used by Fersman (1937, p. 159) in his analysis of the mechanical stability of crystal 
lattices, 
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mits relatively tight packing, (2) divalent instead of monovalent ions, 
which increases bonding index and hardness, (3) small interionic distance, 
which increases hardness and packing index. 

Corundum group (Fig. 15)—No comment required other than to note 
the inadequacy of the Mohs hardness scale to represent the true hardiness 
of corundum. 

Rutile group (Fig. 15)—The anomaly in the comparison of hardness of 
cassiterite and rutile with respect to their packing and bonding indices is 
unexplained. Goldschmidt (1926, p. 108) refers to the unlike ion structure 
of the cations represented in this group but does not discuss the matter 
further. (Compare titanite and andalusite below.) 

Zincite group (Fig. 15)—The relations of packing index, hardness, and 
bonding index are normal. 

Spinel group (Fig. 15)—Normal relations. 

Hydroxide group (Fig. 15)—The explanation of the reversal in bonding 
index of gibbsite and brucite is to be found in the cations. In gibbsite 
three bonds are concentrated in one cation; in brucite only two occur, and, 
despite the greater radius of Mg?+ in the latter, the bonding index of 
gibbsite is somewhat larger than that of brucite. As the packing and 
bonding indices influence the hardness in different directions in this case, 
only a small difference is to be expected, the bonding index apparently 
exerting the greater effect. It should be noted in passing that, as these 
are layer lattice minerals, the hardness given here is the result of de- 
terminations made on basal cleavage surfaces and represents a minimum 
value. (Compare with Z,O,, silicates.) 

Diaspore group (Fig. 15)—Normal relations obtain among packing 
index, hardness, and bonding index. 

Miscellaneous group (Fig. 15)—Normal relations prevail despite the 
mixed character of the structure types represented. The contrast between 
cuprite and chrysobery] is particularly noteworthy. 

Silicates (ZO, subdivision, Fig. 16)—Variations in hardness given by 
the Mohs scale become greatly magnified for this group of minerals, when 
plotted on an absolute scale, and indicate clearly the need for a quantita- 
tive standard. Indentations in the bonding index columns for chondrodite, 
datolite, zunyite, topaz, etc., may be explained by the same method as 
used for the sulphates and phosphates. Of greater interest is a comparison 
of hardness of certain pairs of minerals. 


Willemite Assuming that the hardness determinations are reliable, 
Monticellite there is nothing exceptional in the cleavage properties of 
these two minerals which would explain their lack of contrast in hardness. 
However, as willemite has trigonal and monticellite orthorhombic sym- 
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GeneraL Note Recarpinc Ficures 15 to 20 


Groups of minerals arranged as far as possible according to structure type and 
in order of increasing packing index. Hardness plotted on an approximate quanti- 


tative scale using the Mohs mumbers. 
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Ficure 15.—Packing indez-hardness-bonding index relations for chlorides, oxides, 
hydroxides 
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metry elements, it is possible that the ambiguity in hardness relations wil] 


find its explanation here. 


Merwinite 
Pumpellyite 
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HARDNESS 
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As each of these minerals has one excellent cleavage the 
reversal in hardness from the expected relation seems 
anomalous. As with willemite and monticellite, however, the difference 
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Ficure 16—Packing indez-hardness-bonding index relations for ZO, silicates 
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in crystal symmetry (orthorhombic in merwinite, monoclinic in pumpel- 
lyite) may play a part. 


Titanite The serious discrepancy in hardness of these two minerals 
Andalusite _relative to their packing and bonding indices remains an 
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Ficure 17.—Packing index-hardness-bonding indez relations for Z,0:, ZO:, Z,Ou 
silicates 
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anomaly. It is unlikely that much of the difference is due to faulty hard- 
ness determination, as both minerals are obtainable in large, unaltered 
crystals. Each has fairly good cleavage, so that this factor is removed 
from the discussion. The role of the monoclinic symmetry elements of 
titanite relative to the orthorhombic elements of andalusite is unknown. 
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Ficure 18.—Packing index-hardness-bonding index relations for Z:Os (?) and Z,On 
silicates 
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Sapphirine The discrepancy in hardness in this pair could be ascribed 
Kornerupine to the lack of cleavage in sapphirine and its presence in 
kornerupine, thus lowering the hardness of the latter. 


HARDNESS BONDING _/NDEX 
8 7 6 04 06 08 


CHABAZITE 
HEVLANDITE 
25 STILBITE 
THOUSONITE 


| 3.8 
r 
j 


ZO2 Sit. 


3.8 SCOLECITE 

4.4 CANCRINITE 

4.5 SODALITE 

4.6 LAZURITE 

L 4,7 CORDIERITE 

{ 4,7 PETALITE 

| 4.8 LEUCITE 
4.8 NEPHELINE 

4,9 LEIFITE 

| 4,9 ANORTHOCLASE 

| 4,9 ALBITE 


ANORTHITE 


5.0 CELSIAN 
| 5. oMAPIALITE 
METONTTE 


L 5. 2.QUARTZ, 


[2-4 VIVIANITE 
3.6 

PHOSPHAT 3.8 VARI , 
5.3 APATITE 
5.3 XENOTIME al 


Ficure 19—Packing index-hardness-bonding index relations for ZO; silicates and 
miscellaneous phosphates 
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Zunyite The superior hardness of zunyite relative to its low bonding 
Serendibite index, and the hardness of serendibite remain unexplained 
at present. Serendibite is reported to have no cleavage; zunyite poor 
cleavage only. 


Topaz The hardness determination of topaz possibly needs revision. 
Kyanite [Earlier investigators have not been unanimous as to its posi- 
tion in the Mohs scale, some finding its hardness inferior to that of quartz. 
If this should prove true the hardness anomaly for kyanite and topaz 
would be largely removed. 

Z.0, subdivision (Fig. 17)—The hardness of the silicates in this group 
cannot be correlated satisfactorily with packing index and bonding index. 
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Ficure 20—Packing index-hardness-bonding index relations for carbonates, tung- 
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This may be partly due to the uncertain classification of lawsonite and 
danburite. Their absence from the Z.O,; group would improve the pos- 
sibilities of correlation considerably. However, notable discrepancies 
would still remain, particularly the relative hardness of melilite and 
leucophanite. 

ZO, subdivision (Fig. 17)—The silicates of this group permit a greater 
degree of correlation than the preceding one. 


Beryl The superior hardness of beryl, benitoite, and tourmaline 
Benitoite (schorl and dravite) is undoubtedly related to the ring 
Tourmaline structure which characterizes them, as contrasted with the 
chain structure of the remaining minerals. 


Acmite The principal anomaly in the chain minerals is the unex- 
Hypersthene pectedly high hardness value for acmite compared with 
hypersthene. No explanation is offered, unless it is assumed that the 
hardness is incorrectly determined. 

Z;03(?) subdivision (Fig. 18)—This group was proposed by Berman 
(1937) to accommodate wollastonite and structurally allied minerals. 
Xonotlite offers a conspicuous hardness anomaly for which no explanation 
is apparent, especially as each member of the group has pronounced 
cleavage. 

Z,0,, subdivision (Fig. 17)—Correlation is reasonably good in this 
group. The principal exception is the low hardness of riebeckite compared 
with either of its neighbors. Careful quantitative study of hardness in 
the amphibole family might rectify this anomaly. 

Z,0,) subdivision (Fig. 18)—Packing index and bonding index relations 
are normal here, the discrepancies in the latter being easily explained in 
terms of relative ion size and valence. Hardness on the other hand does 
not increase even in a general way with increase in packing and bonding 
indices. This is primarily because it is determined in these minerals 
almost invariably on the basal planes of easy cleavage, characteristic of 
this group of silicates. 

Hardness is at a minimum along cleavage planes, and, as these are by 
definition planes containing a minimum concentration of bonds per unit 
area, the lack of correlation between bonding index (computed for the 
entire crystal) and hardness (referable here to minimum values on 
cleavage planes) is not surprising. In absence therefore of any values 
even approaching the mean hardness for these minerals (prehnite and 
chloritoid possibly excepted) it would be pointless to pursue the hardness 
problem further in relation to crystal packing for these layer lattice 
structures. An excellent analysis of layer lattice bonding in its relation 
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to hardness and cleavage has been made by Pauling (Bragg, 1937, p. 
217), but its details are not relevant to the main thesis of this paper. 
ZO, subdivision (Fig. 19)—In contrast with the preceding group, normal 
correlation of the three quantities is permissible here, with a few excep- 
tions in the hardness columns. No mineral in this group possesses a 
cleavage which dominates the crystal habit completely, as in the Z,0,, 
subdivision, where (001) practically eliminates other planes for the hard- 
ness test. A mean hardness may therefore be obtained in ZO, silicates 
which permits correlation in most cases with packing and bonding indices, 


Heulandite The hardness of these minerals is low with respect to 
Stilbite | chabazite. Determinations have possibly been made on 
Chabazite cleavage faces or have been affected by them. This would 
be a less likely circumstance for chabazite, which has no well-developed 
cleavage. 


Sodalite The low hardness of lazurite seems anomalous, as its physical 
Lazurite properties are similar to those of sodalite. The hardness values 


may possibly be inaccurate. 


Cordierite As cordierite lacks well-developed cleavage, its hardness is 
Petalite probably a reliable mean value. In comparison, the unduly 
low hardness of petalite indicates the probable influence of its two 
cleavages. 


Phosphates (Fig. 19)—Correlation is in general excellent for these 
phosphates. In the bonding index columns the indentation for monazite is 
due to Ce*+ being larger than the Y*+ in xenotime, with consequent lower 
concentration of bonds per cu. A. In amblygonite only 9 bonds are needed 
for 3 cations, whereas in lazulite 18 bonds are needed for 5 cations. No 
explanation of the anomalous hardness relations of xenotime and monazite 
is apparent, as each has one perfect cleavage. Similarly for amblygonite 
(perfect cleavage) and lazulite (poor cleavage) the hardness relations ap- 
pear ambiguous. 

Calcite group (Fig. 20)—Revision of the hardness determinations in this 
group might result in a scale of values in better correspondence with the 
packing and bonding indices. It is probable that the present hardness 
values are in part based on tests on cleavage fragments; to that extent 
such values are lower than average. 

Aragonite group (Fig. 20)—No comment required. 

Tungstates (Fig. 20)—No comment required. 

Sulphates (Fig. 20)—Bonding and packing indices increase uniformly 
as far as anhydrite but are divergent for alunite and barite. This is 
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easily explained in terms of the cations, as the presence of K'* in alunite 
and Ba*+ in barite necessitates larger cells than required for anhydrite, 
with consequent lower concentration of charge per cu. A. The contrast 
in bonding index may be traced to the monovalent K'+ and (OH)* in 
alunite, where only 22 bonds are needed for 6 cations, compared with the 
8 needed for 2 cations in barite. 

As the hardness differences (absolute scale) are small for these particu- 
lar sulphates, detailed comment on the discrepancies with bonding and 
packing indices may prove to be unwise. Assuming the hardness differ- 
ences to be real, however, the following points deserve mention. 

The low hardness of gypsum compared with epsomite may be due to 
the extremely easy (010) cleavage in gypsum, caused by the weak molec- 
ular H.O bonds concentrated in this plane. Thus hardness tests in almost 
any plane or direction in gypsum may be modified so that no exact corre- 
lation with the bonding index is possible. 

The superior hardness of kieserite compared with thenardite remains 
anomalous, especially as the former is noted for its five good cleavages, 
which might be expected, if anything, to lower the hardness. Thenardite 
possesses only one cleavage. 

The greater hardness of alunite compared with barite may be explained 
on cleavage grounds. Barite possesses three excellent cleavages, whereas 
alunite has a single imperfect one. Thus, as in gypsum, the true average 
“strength” of barite may not be indicated by the hardness test as ac- 
curately as that for alunite. 


Conclusion—The well-known direct variation of packing index with 
hardness is confirmed by the present analysis. Individual aberrations 
are explainable for the most part (1) by study of the bonding conditions 
of the crystal (bonding index), (2) by consideration of the influence of 
cleavage planes in lowering hardness, (3) by possible faulty hardness de- 
terminations. As in the refractive index correlations, Ti‘+ shows anoma- 
lous behavior with respect to the hardness of some of its compounds. 
Titanite and rutile show this clearly, and as before no explanation is 
offered. 

The keynote of the hardness correlation may be said to be the inade- 
quacy of the standard used for its determination. The convenience of a 
relative hardness scale such as that of Mohs is unquestioned, but the gross 
inequalities of the intervals on this scale should be remedied. Improved 
correlation with packing index and bonding index would undoubtedly 
result, and the influence of disturbing cleavage planes could be better 
evaluated. 
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CORRELATION OF PACKING INDEX WITH POLYMORPHIC PHASES 


General statement.—Changes in type and closeness of packing have 
long been recognized as essential to polymorphic transformations. Such 
transformations may be produced thermally (the better known method) 
or under suitable pressure. Each will be considered in the discussion 
to follow. Polymorphism is used here in a broad sense to include in- 
yersions which involve compositional changes as well as those where the 
composition remains fixed. 


Thermal inversion (fixed composition) —Seventeen compounds included 
in Table 4 show thermal inversion involving no change in composition. 
These are listed in Table 6 from data compiled by Winchell (1931). As 
the numbers and kinds of ions remain fixed for this inversion type, in- 
erease or decrease in packing index can be inferred directly from com- 
parison of densities or mean refractive indices. Inspection of the table 
indicates that in general the transformation from a low to a higher phase 
involves decrease in packing index, in spodumene attaining a 30 percent 
volume increase. This trend might be predicted because of the need for 
greater “Lebensraum” in the cell as heat accretions cause greater vibra- 
tions of the ions. The opposite trend, however, is shown by all TiO. and 
Ca.SiO, inversions and by some Al.O,, Na.SO,, and CaCO, transforma- 
tions. The data are ambiguous for KAISi,0,; and MgSiO, and involve 
only small changes in density and refractive indices. The KAISi,O, in- 
version is known to be sluggish, however, and contrasts sharply in this 
respect with transformations of the SiO. type. Apparently, therefore, ion 
packing explains these inversions only in part. 

Table 6 shows in addition the well-known change to higher symmetry 
for most low — high transformations. Many of the high phases are 
isometric. In practically all cases decrease in packing index (= decrease 
in density and refractive index) is accompanied by the change to higher 
symmetry, the exceptions being TiO. and CaSO,. Apparently this factor, 
like ion packing, is merely accessory to a more fundamental issue which 
determines the structure of each stable phase. 

Buerger (1936) believes that the stable phase at a given temperature is 
that one leading to least vapor pressure. This hypothesis is superficially 
very plausible and merits thorough examination on specific compounds. 
Until further thermodynamic work is carried out the real significance 
of ion packing and crystal symmetry in thermal inversions will remain in 
doubt. 


Thermal inversion (variable composition).—The older, rigid definition 
of polymorphism would exclude the examples to be described under this 
heading. No defense of the acceptance of the broader usage of the term 
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is offered here other than convenience in classifying the various kinds of 
inversions. 

Three inversions involving change in composition have been selected, 
Others are known but most of these are incompletely investigated. Table 


Taste 7—Thermal inversion (variable composition) 


Transformation low—>high 
produces 
Low Intermediate High 
phase phase phase 
Packing 
index Symmetry 
AlsSi,O20 
(Andalusite) Al Decrease | No change 
(Sillimanite) (Mullite) Decrease | No change 
(Kyanite) Decrease | High 
(XYZ)z(SisO22)(OH): (XYZ) s(SisO2) 
(Amphibole) (Pyroxene) No sig- No change 
nificant 
change 
CaS0O..2H:0 CaS0Q,.1/2H:0 CaSO,* Decreaset | High 
(Gypsum) (“Plaster of 
Paris’’) 


+ Comparison made on basis of ions + water. 
* Not aragonite. Data from Winchell (1931). 


7 shows the pertinent facts of interest in a correlation with packing index. 
The mullite transformation passed unrecognized until recently, as the high 
phase was long thought to be sillimanite. There is consistent decrease in 
packing index and, for the kyanite inversion, higher symmetry as well. 
The amphibole-pyroxene inversion is typical of (OH)-bearing com- 
pounds, but thoroughly investigated examples are few in number. The 
transformation neither supports nor negates the attempted correlation 
with packing index. The CaSO, inversions are accompanied by loss of 
water and show decrease in packing index and change to higher symmetry. 

This type of inversion, as far as indicated in Table 7, supports the 
general condition of decrease in packing index and change to higher sym- 
metry for transformations low — high. The same remarks apply here 
concerning the accessory role of these correlations as were made with re- 
gard to Table 6. 


Pressure inversion—Most of the information regarding inversions of 
this type stems from work on elements and the weaker binary compounds. 
Where structural determinations have been possible, it is known that 
low — high pressure inversion increases the co-ordination of the ions 
and consequently the packing index. Little success has attended efforts, 


q 
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chiefly by Bridgman (1938, 1939), to produce inversions of this type in 
oxides and silicates. The experiments carried out involved either strong 
shearing stress combined with confining pressure, or compression alone. 
Partial results of shearing experiments of interest here are: 

(1) No trace of kyanite was found in a sheared dise of andalusite 
powder. This transition should be attempted again either with or without 
a shearing component, as the relative packing indices—andalusite (6.0) 
and kyanite (7.0)—strongly suggest the possibility of a pressure trans- 
formation. 

(2) Sheared cristobalite yields probable traces of tridymite. The 
packing index trend is in the anticipated direction. 

(3) Sheared opal yielded unquestioned quartz in one experiment. As 
opal consists in part of cristobalite (packing index 4.3), formation of 
quartz (packing index 5.2) by inversion is to be expected. 

(4) Sheared gypsum yields a new substance (properties incompletely 
known) which is neither plaster-of-paris nor anhydrite. The former would 
not be expected (see Table 7); the latter, however, could be a possibility 
as its packing index is greater than that of gypsum. 

Compression experiments on ionic minerals have with few exceptions 
yielded negative results thus far. Two marked transitions are known for 
calcite, but the structure of the high-pressure forms is apparently un- 
known. 

In summary, inversions dependent on pressure seem likely to permit 
closer correlation with packing index than transformations dependent on 
heat. Owing to the relatively great strength of many ionic minerals, 
however, experimental difficulties have thus far hindered accumulation of 
adequate data. 


CORRELATION OF PACKING INDEX WITH PHASES SHOWING INCONGRUENT MELTING 


The incongruent melting characteristic of many silicates provides a fur- 
ther test of the role of the packing index. Unfortunately the solid phases 
appearing during the incongruent melting interval have not been identi- 
fied accurately in many cases, and useful data are lacking. Eight well- 
known examples are shown in Table 8. No attempt is made to show the 
complete reaction, as only the solid phases are of interest in the present 
analysis. Inspection of the new compounds, however, shows that Si and O 
are released into the melt in each case. The packing indices of the in- 
congruent phases, leucite, forsterite, mullite, etc., show neither uniform 
decrease nor increase and indicate, for this incomplete tabulation at leaat, 
that the closeness of ion packing is not a decisive factor in their develop- 
ment. In contrast, these new phases show, with one exception (garnet), 
either higher symmetry or no change. It is of some interest to note that 
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suitably high pressure applied to a cooling melt of the composition of 
orthoclase will inhibit formation of the incongruent leucite phase and 


cause direct crystallization of orthoclase. This appears significant in 


8.—Incongruent melting 


With rising temperature 
Stable phase below Stable solid phase oe 
initial melting during melting interval Packing index Symmetry of 
of new phase new phase 
shows becomes 
Sanidine Leucite 
K(AISi;0) K(AISi.0.) Decrease Higher 
Clinoenstatite Forsterite Slight 
MgSiO; Mg:Si0,. decrease Higher 
Cordierite Mullite 
Increase No change 
Spinel 
MgO Increase Higher 
Dumortierite Mullite 
AlsB(SiO.);0;(OH) AlSi:O.3 Decrease No change 
Mullite Corundum 
Al Si:O13 Al.O; Increase Higher 
Jadeite Nepheline 
NaAl(SiOs): Na(AISiO,) Decrease Higher 
Albite 
Na(AISi;05) 
Acmite Hematite 
NaFe(SiOs): Fe:0; Increase Higher 
Garnet Anorthite 
X3Y2(SiO,)s 
Diopside- 
Hedenbergite 
Ca(Fe,Mg) (SiOs): Decrease Lower 
Melilite 
| 
etc. 


view of the higher packing index of orthoclase. The writer will leave to 
others, however, the thermodynamic problems connected with incon- 
gruent melting and the investigation of the exact status of the packing 
index. 
CORRELATION OF PACKING INDEX WITH SIZE OF MINOR IONS 
Modern techniques in chemical and spectrographic analysis have shown 
the common occurrence of many unsuspected minor elements in minerals 


: 
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normally regarded as “pure” compounds. Insofar as these accessory ions 
substitute for other ions of approximately the same size—Ga for Al, Fe for 
Si, Ba for K, Y for Ca, ete——and therefore do not distort the crystal lat- 
tice unduly, the packing index of the mineral has no bearing on the prob- 
lem. Where substituting ions are abnormally large, however, it is reason- 
able to assume the presence of accessory openings in such lattices which 
would provide adequate accommodation. Minerals of low packing index 
are most likely to harbor such openings. Data at present are inadequate 
for a complete correlation of this kind, and attention is directed raerely 
to a few ionic minerals of markedly low packing index, some of which 
are already known to be the home of “over-size” minor elements, others 
of which seem to possess potentialities in this regard. 

Table 9 summarizes information relating to a selected group of this 
kind. No attempt is made to state even approximate dimensions of the 
openings. Their shapes and relative orientations are given where known. 
A few of these minerals have immediate interest because of their known 
capacity to harbor cations much larger than they could possibly accom- 
modate without the aid of inter-ion channels and pockets. Bery] is per- 
haps the best known of these, and its ability to take up several per cent 
of alkalis is general knowledge. Even the smallest alkali ion (Li'*+), 
however, would require considerable additional space over that required 
for Be?+ (Fig. 2). Caesium-rich bery] is well known, although the radius 
of Cs'* is five times that of Be?+ and three times that of Al*+. Undoubt- 
edly the ample channels in the beryl lattice are the means of entrance of 
these large ions. 

Cordierite may also contain appreciable amounts of alkalis. Although 
Li'+ might substitute for Mg?+ and Fe?+ without the aid of large open- 
ings, the commoner Na+ and K'+ would require additional space. (See 
Figure 2). The nature of these openings is not yet definitely known, but if 
cordierite is isostructural with beryl, as suspected by Folinsbee (1941) 
and others, there would be no problem concerning the entrance of large 
alkali ions into its lattice. In any case its packing index is so much 
lower than that of any other Mg-rich silicate that large openings of some 
kind must be assumed. 

The andalusite lattice contains pockets which could admit large ions 
(1.e., relative to Al’+). Jakob’s recent work (1940, 1941) on andalusite 
and kyanite shows clearly that the omnipresent alkalis (principally 
sodium) and water occur in stoichiometric proportions and are an essen- 
tial part of these minerals. Even a gem variety of andalusite contains 
an appreciable amount of these “impurities.” The close-packed kyanite 
lattice might be expected to refuse entrance to any ion as large as Na't; 
nevertheless, Na'+ occurs consistently in amounts greatly exceeding 
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spectroscopic proportions. It will be interesting to discover, however, if 
andalusite has a higher per cent average of alkalis than kyanite, as 
Jakob’s results now seem to suggest. If so, the pockets and relatively low 
packing index of andalusite would indicate the reason for such a relation. 

The chemistry of the silica minerals is very suggestive of the utilization 


of large openings by “oversize” ions. 


For example, the substitution 


TaBLeE 9—Partial list of ionic minerals possessing relatively open packing 


Cuprite 4.4 | Nonintersecting | Unique structure. Low packing index for 
channels an ionic binary oxygen compound. 
Anatase 6.3 | Pockets 
Included because of contrast with rutile 
Brookite 6.4 | Nonintersecting | (packing index 6.6). 
channels 
Tridymite 4.6 | Intersecting May contain notable amounts of Na, Ca, 
channels Al, ete. 
Cristobalite| 4.5 | Intersecting Minor elements less well known than 
channels tridymite. 
Sodalite 4.5 | Probably inter- Contrast with feldspar (packing indices 
secting channels | 4.9-5.0). 
Cordierite 4.7 | Possibly like Packing index very low in comparison with 
beryl other (Mg, Fe) silicates. ay contain 
several per cent alkalis. 
Beryl 5.1 | Nonintersecting | Packing index very low in comparison with 
channels euclase (6.5). May contain several per cent 
alkalis. 
Melilite 5.3 | Pockets Packing index low relative to position in 
silicate structural classification (between 
ZO, and ZOs). 
Phenacite 6.3 | Nonintersecting | Packing index low for a Be silicate of 
channels ZO, type. 
Willemite 4.7 | Nonintersecting | Isostructural with phenacite. Lower pack- 
channels ing index because vol. Zn> vol. Be. 
Mullite 5.6 | Probably channels ' 
as in sillimanite, | Included because of contrast with kyanite 
ww pockets (packing index 7.0). Andalusite may con- 
Andalusite 6.0 ‘ockets tain notable amounts of alkalis, easily de- 
Sillimanite | 6.2 | Nonintersecting | determinable by chemical analysis. (See 
channels Table 4). 
Soda Niter | 2.8 | Planar openings : 
Calcite 4.0 | Planar openings | Contrast with magnesite (packing index 
Dolomite 4.3 | Planar openings | 4.8), which is isostructural with these 
Siderite 4.4 | Planar openings | minerals. 
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Sit+ — Al’+, common in ZO, silicates, requires the entrance of other ions 
to neutralize the modification in the valence from 4+- to 3+. For tridy- 
mite Lukesh (1942) has recently reported the formula NaCa(A1,Si,5Os¢), 
in which it must be assumed that the Na'+ and Ca*+ occupy the openings 
in the structure. Little is known of the “impurities” in cristobalite (other 
than water molecules), as suitable material for analysis is difficult to 
obtain. In one analysis quoted by Buerger (1935) several per cent of 
Fe’+ and Al*+ were found. In contrast, quartz shows only spectro- 
scopic traces of “foreign” elements, and no great variety of these, a 
circumstance in harmony with its relatively high packing index. 

No comment on the remainder of Table 9 can be made as the author 
has no data available for discussion. The correlation of degree of packing 
with the occurrence of “oversize” minor elements seems established, how- 
ever, on the basis of the few minerals already described. 


SUMMARY OF MINERALOGIC CORRELATIONS 


A résumé of the preceding pages shows considerable correlation of the 
concept of packing index with mineralogic constants such as density, re- 
fractive index, and hardness. In a few examples, particularly where re- 
fractive indices are concerned, the correlation is elusive and unsatis- 
factory. Revision of the hardness scale is sorely needed. Correlations with 
density are generally excellent, all discrepancies being explained in terms 
of the atomic weights of the elements concerned. The superiority of the 
packing index concept over hardness, density, and refractive index for 
general comparative purposes is pointed out. 

Correlation with phenomena relating to polymorphic inversions is 
incomplete and is most satisfactory in the case of transformations initiated 
by pressure. The status of the packing index with respect to incongruent 
melting phenomena is likewise somewhat nebulous. 

As far as present facts permit analysis, a definite relation exists between 
packing index and the size of minor ions which may be admitted to a 
crystal lattice. 

GEOLOGIC ASPECTS OF ION PACKING 
INTRODUCTION 

The transition from purely mineralogical to geological aspects of ion i 
packing is a passage from quantitative (or semi-quantitative) to qualita- 
tive values, none the less important, however, because of this contrast. A 
survey will be made in the following pages of those geological relations 
which are of interest in a study of the packing index of minerals. Fa- 
miliarity with the current status of these relations is expected of the 
reader, as space forbids their recapitulation here. Although more prob- 
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lems will be raised than solved, no apology for this situation is required, 
as the present study is admittedly exploratory in character. 


GENERAL CORRELATION WITH TEMPERATURE OF FORMATION OF MINERALS 


The compilation in Figure 3 of the range of packing indices of the 
various mineral groups, arranged compositionally, corresponds in a general 
way with geological experience regarding their relative temperatures of 
formation. That is, among minerals which crystallize from solutions of 
whatever kind, silicates and oxides are as a whole of higher thermal grade 
than sulphates and carbonates. It has commonly been observed that this 
temperature grouping is reflected in the relative hardness of silicates and 
oxides compared with sulphates and carbonates. Insofar as hardness is a 
function of the closeness and type of ion packing, the above correlation 
between packing index and temperature of formation could therefore have 
been predicted. Within each group, moreover, the minerals of lowest pack- 
ing index are, quite generally, those whose temperature of formation is 
lowest. For example, cuprite (4.4) develops at a much lower temperature 
than corundum (7.2); zeolites (3.1-4.6) are low-temperature silicates 
compared with olivine (5.9) ; vivianite (2.3) crystallizes in a cool environ- 
ment compared with amblygonite (5.8); mirabilite (1.3) develops in cold 
solutions, whereas alunite (5.1) requires considerable heat; natrite (.8) 
forms from cold carbonated waters in contrast to the higher temperature 
required for development of magnesite (4.8). 

These differences in packing index are but a superficial expression of 
more fundamental causes governing the temperature of formation of 
minerals of this kind. To examine all these would lead too far from the 
central topic under discussion here. One, however, will be mentioned, 
because of its intimate relation to variations in packing index. Inspection 
of the dominant cations in the minerals from which Figure 3 is compiled 
shows the following: 


Oxides—trivalent and tetravalent cations are dominant. 

Silicates—trivalent and tetravalent cations are common. 

Phosphates—trivalent cations are fairly common. 

Sulphates—trivalent cations occur only with monovalent cations (as in alum). 
Carbonates—trivalent cations absent. 

In this compilation the central cations, Si, P, S. C in the silicate, phos- 
phate, and sulphate tetrahedra, and in the carbonate planar groups, are 
not taken into account. Reference is only to the cations linking these 
units to each other. The progressive decrease in abundance of cations of 
high valence (Al, Ti, Si, Fe, Cr) relative to monovalent cations (Na and 
K chiefly) parallels a transition to ions of larger volume (see Figure 2) 
which, quite generally, lowers the packing index. This is in accord with 
Figure 3. That is (central cations excepted), highly charged cations tend 
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to leave solution and form solid phases at higher temperatures than cations 
with small charges. Although the further links in this chain of reasoning 
are not germane to the present discussion, their future analysis is of the 
utmost significance. 

It should be pointed out that (oxides excepted) the members of each 
group in Figure 3 with lowest packing index contain water molecules, 
with the result that their ions are stacked together much less tightly than 
would be necessary if the water were absent. The relative absence of 
small cations outside the tetrahedra in zeolites, vivianite, thenardite, 
natrite, etc., is therefore not the sole cause of lower packing index. The 
affinity of these substances for water is apparently so great that excessively 
open-packed structures must form to accommodate it. 


CORRELATION WITH SILICATE CRYSTALLIZATION 


The crystal structural significance of the silicate sequence in a cooling 
magma has been discussed at some length by Fersman (1937, p. 85) as 
part of the general topic of lattice energy. There is an overall decrease 
in lattice energy of successive minerals as crystallization proceeds, and 
with it a general decrease in hardness and in the number of crystal sym- 
metry elements. This is in turn related to net increase in ion size and net 
decrease in valence. Although no specific mention is made of the degree 
of ion packing in terms of lattice energy, it is obvious that the packing 
index must be one of the fundamental elements in the rather complicated 
formula used by Fersman. As the lattice energy is accurately known at 
present only for simple compounds, no further use of this quantity will be 
attempted here. Its fundamental importance, however, is unquestioned. 

Table 10 shows the packing indices of the individual minerals in normal 
igneous crystallization, the sequence with falling temperature being in- 
dicated by arrows. The so-called discontinuous series at the left shows, 
with the exception of olivine, undoubted decrease in packing index. The 
continuous plagioclase series, crystallizing contemporaneously, shows little 
change and has a relatively low range of values. The final crystallization 
of zeolite minerals shows marked decrease in packing index. 

These changes are governed by two important variables—the arrange- 
ment of the dominant tetrahedra in the crystal structure and the size of 
the cations linking the fundamental tetrahedra to each other. With falling 
temperature the numerical ratio central cation/oxygen increases in the 
successive silicates from 14 to 14. The central cations (always Si, with 
or without Al) are designated by Z in Table 10. Increase in the ratio Z : O 
is a result of progressively greater sharing of O? by adjoining Z-O 
tetrahedra, which in turn is related generally to more open lattices (quartz 
excepted). In addition, monovalent ions first appear in the later crystal- 
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lizing phases and, as these (Na, K) are large in comparison with the 
prevalent ions appearing at earlier stages (Mg, Ca, etc.), silicates con- 
taining them tend to have relatively low packing indices. The packing 
index thus plays an interesting but accessory role in silicate crystallization, 


Taste 10.—Relation of packing index to crystallization sequence in cooling magmas 


Olivine (5.8-5.9) Spinel (6.4) Calcic plagioclase (5.0 
(ZO,) (ZO) 


(5.9-6.0) 
(ZOs) 


Hornblende (5.7) 


11 


Biotite (5.6 Sodi ioclase (4. 

5.2 Orthocl 5.0 


lites” (3.5 +3 ions only) 
(ZO:) (4.743 H:0) 


CORRELATION WITH INCONGRUENT PHASES IN MAGMA 


The solidification of a melt of the composition of orthoclase involves 
the appearance and disappearance of an intermediate phase, leucite (see 
Table 8), over a temperature interval which substitutes for the fixed 
melting point characteristic of most compounds. It is well established that 
the normal habitat of leucite is in silica-poor mafic rocks and particularly 
in recent extrusives of this type. Deficiency in silica prevents exclusive 
formation of potash feldspar and is readily explained by the leucite-silica 
phase diagram. The abundance of leucite in some lavas and its absence 
in all plutonic rocks of equivalent composition are facts, however, not so 
easily explained. Barth (1937) quotes some recent experiments by Goran- 
son which may shed light on the problem. At 2000 atmospheres pressure 
a melt ordinarily showing the incongruent leucite phase crystallizes di- 
rectly as orthoclase. That is, over the normal incongruent temperature 
range the packing economy of orthoclase is stable, whereas that of leucite 
is not. The slightly higher packing index of orthoclase compared with 
leucite may therefore be geologically significant, as 2000 atmospheres is 
not an improbable pressure during emplacement of many magmas. Ex- 
truded rocks, not subject to pressures of this magnitude, would permit 
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crystallization of leucite, and, cooling rapidly, prevent its immediate in- 
version to orthoclase. Of possible significance also is the total absence of 
leucite from metamorphic rocks, where, presumably, pressures of some 
magnitude have operated. It is recognized of course that the abundance 
of silicon in the majority of such rocks, as well as the relatively low tem- 
peratures involved, are also potent factors. Again, the difference in 
packing index of the two minerals may possibly be traced to their relative 
proportions of Si and Al. In orthoclase and leucite all the Al, as well as 
Si, is housed as central cations in the O tetrahedra. It can be computed 
that the radius used for O* in silicates (1.32A) restricts the central cation 
of a tetrahedron to a maximum radius of .18 A, assuming perfect spheres 
in contact with each other. As Si*t+(.39A) is twice and Al®+(.57A) 
three times this radius the tetrahedra are undoubtedly distorted. As more 
Al-O tetrahedra are present in leucite than in orthoclase it may be con- 
tended that the inferior packing index of leucite is due to the larger 
Al’+ ions. However, as the degree of packing in silicates is almost 
entirely a matter of oxygen size and arrangement, the nature of the 
tetrahedral distortion would need to be known before a decision could be 
made. 

An obvious sequel to discussion of the leucite-orthoclase problem is the 
forsterite-clinoenstatite system, where similar uncongruent melting and 
packing index relations are found (Table 8). The geological aspect of 
the picture differs, however, as clinoenstatite is rare in igneous rocks, 
and forsterite as such is limited to metamorphosed limestones. The most 
nearly comparable minerals are olivine and pigeonite. Olivine, however, 
is more abundant in plutonic than in extrusive rocks, in the latter occur- 
ring mostly as phenocrysts and therefore being intratelluric in origin. 
Compared with orthoclase and leucite, the geologic occurrences are thus 
reversed. Moreover, no experimental data at elevated pressure for 
an MgSiO, melt are at hand. In view of the geological evidence it can 
only be assumed that pressure greater than that prevailing during the 
crystallization of Mg-rich magma would be necessary to inhibit the 
olivine stage, if indeed this is a possibility at all. 

ROCK DENSITY AND ROCK-PACKING INDEX 

It has previously been shown for individual minerals (Table 5) that 
density is a function of two variables, ion packing and atomic weight. 
For rocks, on the other hand, a third variable, porosity, must be taken 
into consideration and eliminated by various means before the density 
determination is complete. Determination of a packing index for the 
rock avoids the matter of porosity altogether, as ions only are concerned. 
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Furthermore, as with the packing index of minerals, the atomic weight 
variable is eliminated, and comparison of various rocks can be made 
on the basis of one variable only (closeness of ion packing). Figure 21 


PACKING INDEX DENSITY 
60 33 T 4sko 25 30 x 40 
SCODACLASE 


TE 
CALCIGLASE GAB3RO 


QUARTZ DIORITE 


AUALCITE D 


ESSEXITE 
PERIDOTITE 
DUNIT 
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ro 


Ficure 21.—Packing index-density relations of common igneous rocks 
Eclogite (broken lines at bottom) added for comparative purposes. 


shows a tabulation of the packing indices and densities of a number of 
igneous rocks selected more or less at random from Johannsen’s compila- 
tion (1931-1938). Extrusive rocks were avoided (except for one olivine 
basalt) as the modes of such types may be relatively inaccurate, and 
small amounts of interstitial glass may also have escaped notice. No 
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check of the original literature was made to ascertain if the densities take 
account of porosity or not. However, this is not a serious matter for gen- 
eral comparison of all types of intrusives. The rock names are those used 


by Johannsen. 


AL Fe Ti 


‘ta 


Fiaure 22—Chemical relations of selected constituents of rocks in Figure 23 


Numbering is from top to bottom as in Figure 23—i.e., 1-norite granulite, 8-eclogite. 


The packing index of a holocrystalline rock is computed without dif- 
ficulty by combining the mode of the rock with the packing indices of the 
minerals it contains. Thus in a leucogranite containing 20 per cent 
quartz (packing index 5.2) the contribution of quartz to the packing 


from each of the remaining minerals, computed similarily, represents 
the ion packing of the rock. 

Comparison of the packing index and density columns in Figure 21 
shows the anticipated parallel increase in both quantities in passing 
from silica-rich to silica-poor rocks. Individual density values depart 


1360 H. W. FAIRBAIRN—PACKING IN IONIC MINERALS 


rather widely from the norm, however, as with syenodiorite, kaligranite, 
sodalite syenite, and peridotite, to name a few conspicuous examples, 
Magnetite is a common cause of abnormally high density; unusual pro- 
portions of certain silicates may also raise or lower specific gravity dis- 
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Ficure 23.—Packing index-density relations of an approximately isochemical rock 
series 
Kinds and proportions of the minerals in each rock are included. 


proportionately. These factors are eliminated where a packing index 
is computed and comparison of various types is made without reference 
to density. Furthermore, the precautions required to neutralize the in- 
fluence of porosity in a standard density determination are dispensed 
with ; if required for other purposes, the porosity can easily be determined 
as an independent quantity. 

The density of rock glass is somewhat less than that of completely 
crystallized igneous rock of similar chemical composition. Its packing 
index would be correspondingly less and of the same order of magni- 
tude because of the identity in kinds and proportions of elements rep- 
resented. Therefore, although a packing index cannot be computed 
directly for a glass, an approximation may be made indirectly where 
the density and packing index of the holocrystalline phase, and the 
density of the glassy phase, are known. 
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PACKING INDEX OF METAMORPHIC ROCKS 


It has long been known that many metamorphic rocks, chemically 
similar to common igneous rocks, not only have distinctive mineral as- 
semblages, but markedly different density from their igneous analogues. 
Eskola (1939, p. 346) has compiled a series of this kind, approximately 
jisochemical with diabase, which is of considerable interest. Silica in 
these rocks varies between 46 and 52 per cent, three having 49 per cent. 
Variations in the remaining chief constituents (alkalis excepted) are 
shown in Figure 22. Subtraction of that part of the alumina in 7 (glauco- 
phane schist) which combines with the high alkalis in this analysis 
to form feldspar would bring this point somewhat closer to the main 
group. The rocks are undoubtedly similar in a chemical sense, although 
unrelated in time and space. 

Figure 23 shows diagrammatically the packing indices and densities 
of Eskola’s series, and in addition the kinds and proportions of minerals in 
each. Two of the rocks have lower packing indices than diabase; four 
have higher packing indices. The inadequacy of density in indicating 
relative degrees of packing is clearly shown by the contrast between 
amphibolite and glaucophane schist, where marked difference in packing 
indices is accompanied by little change in density. 

The packing indices of a number of miscellaneous foliated rocks have 
been computed and are assembled in Figure 24. Study of the packing 
indices of individual minerals in each rock substantiates the long-known 
observation that the rock’density differs from that of an igneous or 
sedimentary rock of similar chemical composition. For example, although 
a mica schist may be approximately of the same chemical composition as 
an argillaceous sandstone (7.e., isochemical with it) its packing index 
will tend to be somewhat higher; amphibolite, commonly isochemical 
with gabbro, likewise has a higher packing index. 

Explanation of these packing relations as simply due to pressure 
without differentiating between two main types, or without reference 
to compositional and thermal factors, would be unjustified. It is true that 
certain minerals native to foliated rocks—chloritoid, glaucophane, stauro- 
lite, ete.—are unknown as crystallization products of magma. Others 
such as feldspar, quartz, and mica, however, are equally at home in 
either environment. Confining pressure is obviously not the only facior 
involved at any given temperature level. Stress (differential pressure) 
and concentration of particular ions are other factors of undoubted 
importance. The foliated character of many metamorphic rocks sug- 
gests that confining pressure is subordinate to stress during the main 
period of new mineral development. In massive metasomatie rocks 
neither stress nor confining pressure may be significant. Therefore the 
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circumstance that development of platy and prismatic minerals (mica, 
chlorite, amphibole, etc.) increases the bulk packing index of an un- 
altered rock seems in most cases to be incidental rather than casual. It 
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Ficure 24—Packing indices of common metamorphic rocks 
Showing kinds and proportions of minerals in each. 


is obvious that much remains to be done in this field, particularly in dis- 
covering if possible by synthetic means the phase relations in varying 
environments. 

The conception of changes occurring within an isochemical system (in 
a geological sense) has its analogue in the isovolumetric (volume-for- 
volume) system first proposed by Lindgren (1912) to explain changes 
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due to metasomatic action. It is fairly obvious that the two types of 
system are mutually incompatible—z.e., a rigidly isochemical system can- 
not at the same time be strictly isovolumetric, and vice versa. Only in 
eases where simple recrystallization occurs, as the metamorphism of lime- 
stone to marble, would it be possible for both isochemical and isovolu- 
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Ficure 25—Comparison of packing indices of minerals in gabbro and 
eclogite (left), hornblende schist and glaucophane schist (right) 


Names in brackets (lower left) included for comparison only. 


metric conditions to prevail. The role of packing index in isovolumetric 
systems related to ore deposits is not easy to evaluate as the replacing 
and replaced phases are commonly different structural types (e.g., sul- 
phides and silicates), thus making comparisons hazardous. It seems prob- 
able that chemical and thermal considerations are paramount here and 
that the closeness of packing exhibited by the minerals plays at best 
a secondary role. 
THE ECLOGITE PROBLEM 

A great deal has been written concerning these baffling but fascinating 
rocks, and it is not proposed here to make a review of the extensive 
literature. Eskola’s discussion (1939, p. 363) is up to date and 
adequate. Eclogite is a massive garnet-pyroxene rock distinguished 
from all others by its high packing index (and density). It is variously 
considered as plutonic or as metamorphic, emphasis at present centering 
on the latter origin. Its gabbroic chemical composition permits its inclu- 
sion in Figure 23. The absence of plagioclase from eclogite (although an 
essential constituent of all rocks in Figure 23 except glaucophane schist) 
suggests special conditions of formation, as other plagioclase-free rocks 
(peridotite, dunite, etc.) are not isochemical with eclogite. The left half 
of Figure 25 is constructed to contrast the packing indices of the common 
constituents of gabbro with those of eclogite. It is notable that both 
essential constituents of most eclogites are distinguished by a high degree 
of ion packing. The aluminum which would ordinarily form plagioclase 
is taken up mostly by garnet, the excess going into the unusual pyroxene 
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variety omphacite. Sodium likewise goes with this pyroxene instead 
of into plagioclase. Omphacite is a clinopyroxene rich in the jadeite 
component and consequently has a higher packing index than common 
pyroxene varieties. All garnets are characterized by relatively high 
packing indices compared with other silicates. Furthermore, if aluminum 
is present in too great excess for inclusion in garnet and pyroxene, 
kyanite developes (not andalusite or sillimanite). Tilley (1936) recently 
found that so-called sillimanite in many eclogites is actually kyanite in 
every occurrence which he examined in detail. Finally, rare diamonds 
occur in rocks of eclogite character, not the less significant because of 
their rarity. Graphite appears to be unknown in these rocks. 

In view of the high degree of packing of both main constituents and 
of two minor ones, it is difficult to attribute this unique mineral assemblage 
to thermal equilibrium alone. Laboratory studies provide indirect sup- 
port for this conclusion. For example, although certain garnet varieties 
have been prepared synthetically, the mineral has never been found to 
crystallize at room pressure from melts approaching normal magmatic 
proportions. This might be possible under suitable high pressure. More- 
over, its occurrence as an accessory mineral of certain igneous rocks is 
mostly confined to plutonic types, where it is reasonable to suppose 
that crystallization took place under considerable confining pressure. In 
experimental systems where jadeite would be expected to appear as a 
solid phase (e.g., nepheline—albite—wollastonite) Foster (1942) and 
others before him have failed to obtain this compound. They believe that 
pressure is necessary for its crystallization. Furthermore it does not 
appear to be known as a constituent of igneous rocks. Kyanite is un- 
known in synthetic crystals or in igneous rocks; diamond has been pro- 
duced in microscopic crystals, but only under high pressure. Circum- 
stantial evidence therefore points to high pressure as a controlling factor 
in the formation of eclogite, as it would indeed be a coincidence if de- 
velopment of this unique mineral association were controlled by thermal 
or other factors alone. These facts have led a number of geologists to the 
belief that an eclogite layer may exist at depth within the earth’s crust. 
However, it would lead too far afield to present the arguments for and 
against this hypothesis, and the interested reader is referred to Eskola 
(1939) for an introduction to the matter, and to Buddington (1943) for 
more recent critical comment. 


GLAUCOPHANE SCHIST 


Certain glaucophane rocks are as remarkable in their way as eclogite, 
especially those which are free of plagioclase and are chemically similar 
to gabbro. This latter type, shown in Figures 23 and 25, is in places 
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characterized by the unusual mineral lawsonite. Garnet, zoisite, and 
pumpellyite are the most interesting accessory minerals. Glaucophane and 
lawsonite substitute for the hornblende and plagioclase of common horn- 
blende schist, with the accessory minerals forming where necessary. Some 
of these, notably pumpellyite, may develop at a later stage. As Fig- 
ures 23 and 25 show, the mineral packing indices and rock index are con- 
siderably higher than for other foliated rocks. There is a greater possi- 
bility than for eclogite that the high degree of packing here is fortuitous 
and not primarily attributable to high pressure, especially as glauco- 
phane itself is unquestionably a secondary mineral and has a normal 
amphibole backing index. As these rocks are foliated, stress may play a 
more important role than in deve:opment of eclogite. Eskola (1939, p. 
367) discusses the glaucophane schist mineral assemblage but is aware 
that their equilibrium relations are inadequately known. The problem 
is left for the present, as more data are necessary than mere computation 
of packing indices. ; 


CORRELATION OF PACKING INDEX WITH THERMAL AND STRESS ENVIRONMENT 
OF METAMORPHIC SILICATES 


Although precise information about the temperature range of meta- 
morphic silicates is not available, general agreement prevails regarding 
their relative positions in the thermal scale. The evidence for this need 
not be elaborated here. Figure 26 shows the packing index-thermal rela- 
tions of a representative group, the low- and medium-temperature minerals 
being arbitrarily combined, and each column arranged in order of in- 
creasing packing index. No marked contrast in packing indices dis- 
tinguishes the right and left sides of the figure, and a wide range of 
indices is present. It may be significant, however, that no silicate of the 
low-intermediate group has an index equivalent to cordierite (upper right) 
and that no silicate of the high group has indices equivalent to those of 
staurolite and kyanite (lower left). That is, high temperature seems 
to develop minerals of slightly lower packing index than could exist 
at lower temperature, this despite a tendency toward higher concentration 
of iron in the Fe-Mg-rich members of the low-intermediate group com- 
pared with the high group. As Fe > Mg (ion volumes), Fe-rich sili- 
eates would have lower packing indices than Mg-rich types (assuming 
similar structural types) and so tend to neutralize the relation sug- 
gested above. It is significant, however, that, of the four aluminum 
silicates in Figure 26, mullite, sillimanite, and andalusite (packing indices 
5.6 to 6.2) are higher-temperature phases than kyanite (7.0). 

These relations are seemingly at variance with those already presented 
in the discussion of Correlation of Ion Packing with Temperature of 
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Formation of Minerals. However, when it is noted that three-quarters 
of the minerals in Figure 26 do not form from solutions in open spaces 
(the prerequisite for this first group), the anomaly, although unexplained, 
becomes less serious. A principal difference in the two groups concerns 
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Ficure 26.—Packing indices of metamorphic minerals based on thermal characteristics 


S—“stress’’ minerals, A—‘‘anti-stress’’ minerals. Leucite and nepheline (Le. Neph.) are included but 
are not metamorphic minerals. 


the role of differential pressure (stress). It is entirely absent in the de- 
velopment of the first group and has variable relations toward meta- 
morphie minerals. Its behavior has been discussed for decades, most 
recently by Harker (1932, p. 148) and Eskola (1939, p. 331). In contrast 
with the role ascribed to confining pressure, opinion seems to be that 
stress operates as a geochemical catalyst, initiating transformations at 
lower temperatures than would be possible in its absence. Certain min- 
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erals, notably cordierite, scapolite, and andalusite among the metamorphic 
silicates, leucite and nepheline among the igneous silicates, are absent in 
rocks known to have been subjected to stress; others such as glaucophane, 
chloritoid, kyanite, ete., although found in unstressed rocks, are par- 
ticularly abundant in schists, gneisses, etc., where stress has played a 
leading part. Thus has arisen the terminology “stress” and “anti-stress” 
mineral. A third group, consisting of the commoner rock-forming sili- 
cates, seems to be controlled by the thermal environment alone. 

It has long been recognized that “stress” minerals have higher density 
than “anti-stress” types. This relation is also valid for, and is better 
expressed by, reference to the packing index. It is seen that little over- 
lapping occurs of the packing index value. It is also worthy of note that 
the stress minerals are all included in the low-intermediate temperature 
group, whereas the anti-stress silicates are high-temperature. This would 
seem to lend weight to the opinion that stress acts as a catalyzer and is 
responsible for development of certain stress-sensitive silicates at sub- 
normal temperatures. 

Reference should here be made to the terminology “plus” and “minus” 
minerals, as anti-stress and stress minerals are sometimes called. This 
is based on comparison of the sum of the molecular volumes of the 
“oxides” composing a silicate with the molecular volume of the silicate 
itself. Becke, Loewinson-Lessing, and others (Doelter, 1906) found that 
in some cases = “oxides” > silicate; in other cases the opposite was true. 
A refinement of the method was the use of the molecular volumes of the 
high and low forms of the constituent “oxides” (Holmes, 1930) and the 
separation of an intermediate group where = high “oxides” > silicate > 
Y low “oxides.” Eskola (1939, p. 334) lists some common minerals classi- 
fied on this basis—nepheline, leucite, cordierite are “plus” minerals; 
andalusite,. orthoclase, albite are in the intermediate group; olivine, 
pyroxene, garnet, kyanite, etc., are “minus” minerals. The classification 
is roughly a packing index subdivision of silicates, the stress minerals as a 
result being of the minus type. 

As most readers probably know, the premises for classification of 
silicates as plus or minus are invalid. The arbitrary breakdown of a 
silicate (or any other complex mineral) into a group of oxides has no 
crystal-structure basis whatsoever. The use of oxide constituents is a 
habit which derives from the customary statement of rock analyses in 
this form and from the synthesis of minerals from oxides. Oxides as such 
are nonexistent in silicates and related substances, and volume relations 
formulated on this basis are fallacious. Indeed, the oxides of the eight 
common metals contained in rock silicates represent no less than five 
structural types, only one of which (SiO.) is related to the structural 
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class to which the silicates belong. A “law” similar to that based on 
“oxides” could be set up with equal justification by using individual ele- 
ments in the silicates. In consequence, therefore, any geological correla- 
tion claimed for the “oxide volume law” must be considered purely 
coincidental. 
CORRELATION OF PACKING INDEX WITH MORPHOLOGICAL DEVELOPMENT OF 
PORPHYROBLASTS 

Students of metamorphic rocks have devoted considerable time and 
effort to problems concerned with porphyroblasts (metacrysts). The so- 
called “crystalloblastic series,” whereby porphyroblasts are arranged 
in order of increasing (or decreasing) degree of perfection of face develop- 
ment, is one of the results of such investigations. As the series is based 
solely on the ability of crystals to exhibit their morphological characters, 
it is obvious that the appellation “crystalloblastic” (—crystal growth) 
should be discarded in this connection, as minerals showing no develop- 
ment of crystal faces (e.g., albite) may grow equally as large as others 
with excellent facial development (e.g., garnet). 

Harker’s classification of such minerals (1932, p. 38, 199) is the most 
recent and complete known to the writer and is the basis of Figure 27. 
As no classification of this kind can be precise, the order given is correct 
only in general terms. Accepting Harker’s arrangement, an average pack- 
ing and bonding index has been computed for each subgroup of silicates 
(e.g., muscovite, biotite, chlorite near the top of the diagram have an 
average packing index of 5.6), the values being shown by the lengths of 
the horizontal columns. Oxides, sulphides, and carbonates are omitted as 
their packing indices are too dissimilar from those of the silicates to 
permit valid correlation. As silicates form the core of the series, however, 
absence of the others does not seriously impair the correlation. From the 
previous discussion of bonding-packing relations (Figs. 15-20) it would 
be expected that these two quantities would pursue parallel courses in 
each section of the figure. Discrepancies can be explained in the manner 
already described in the section on hardness correlations. It is seen that 
a general decrease in packing and bonding indices coincides with decrease 
in ability to develop crystal faces. The agreement is imperfect in detail, 
but little more could be expected in view of the unavoidable lack of pre- 
cision in arranging a series of this kind. At the right of the figure is 
asummary of the (Si, Al)—O ratios (Si, Al expressed as Z) corresponding 
to the silicate types occurring in each column. The sequence of the Z : O 
types is similar to the igneous crystallization series of Table 10, although 
many of the minerals themselves (chloritoid, kyanite, etc.) are not prod- 
ucts of magmatic crystallization. 
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No satisfactory hypothesis explaining the variable degree of develop- 
ment of porphyroblast faces is known. Few if any of the accepted “laws” 
holding for crystals growing freely in a solution or melt can be directly 
applied to metamorphic rocks, as the environment of porphyroblast 
growth is not fluid, and the intergranular space can hold only minor 
amounts of solution. Porphyroblasts showing facial development exhibit 
fundamental forms only, such as prism, rhombohedron, etc. Skeletal 
growths are unknown. Some porphyroblasts have no facial development. 
All these features contrast sharply with the manner of free crystal growth. 
The circumstance that growth occurs at all under such apparently un- 
favorable conditions has always appeared to be one of the minor miracles 
of geology. Apart from the ever-useful time factor, however, which is 
permitted to accomplish a great variety of geologic miracles, one of the 
well-known facts of free crystal growth may have significance here—i.., 
small cross section favors rapid growth. Stéber (1931) grew an NaNO, 
crystal from a melt saturated with quartz sand and found that a single 
crystal took 18 minutes to complete its growth. In absence of the sand 12 
hours were required. If an analogy is valid, and the intergranular space 
in a rock can influence new crystal growth in the same way as the pore 
space in the sand, the occurrence of porphyroblasts (or any metasomatic 
growth), either with or without facial development, may be conveniently 
explained. With this basic problem removed the matter of morphological 
development could then be dealt with independently in terms of packing 
index, bonding index, and Z : O ratio. Figure 27 does not indicate any 
possibility of a definite choice between them. From the viewpoint of 
erystal strength, bonding index might be favored as the decisive quantity. 
Porphyroblasts, however, seldom show evidence of pressure exerted against 
their host rock. It is asserted by some authors that porphyroblasts with 
good cleavage have good facial development; the fallacy of this reasoning 
is shown by pairs of minerals of the same crystal symmetry such as 
staurolite (excellent crystal form) and cordierite (no faces), neither of 
which has well-developed cleavage. The problem is therefore left with 
the above statement of the pertinent facts and a plea for further investiga- 
tion by others. 

CORRELATION OF PACKING INDEX WITH RATE OF MINERAL ALTERATION 


Eskola (1939, p. 329) has recently drawn attention to the contrast in 
alteration of closely packed silicates such as garnet and olivine compared 
with relatively open-packed silicates such as feldspars and feldspathoids. 
The former alter by development of new minerals in fractures or on the 
outer boundaries (e.g., serpentine in olivine fractures, kelyphitic rims or 
coronas enclosing garnet) ; the latter permit alteration products to develop 
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more or less at random anywhere within the body of the crystal (e.g., 
epidote and white mica scattered through feldspar grains as a cloud of 
minute particles). It would be erroneous, however, to assume that the 
packing index influences the character of alteration. At a given tempera- 
ture level, the reactions which occur are almost entirely a function of 
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Ficure 28—Comparison of packing indices with rate of mineral alteration 
Pairs of minerals containing the same elements. 


composition. It is true that the most stable minerals (oxygen compounds 
mostly) at the earth’s surface are generally those high in Si, Al, Ti, Zr, 
Fe*+, etc.; in other words, the end-products of rock alteration are those 
with relatively highly charged cations. Insofar as these are also relatively 
small ions (see Figure 2), structures in which they are prominent will tend 
to have high packing indices. This, however, is one of the results of the 
alteration trend, not a cause of it. The principal influence of the packing 
index is more probably in hastening the rate of alteration. In Figure 28, 
pairs of silicates containing similar ions have been selected to illustrate 
this point. Z,Oo-type silicates have been arbitrarily omitted, as the out- 
standing ease of alteration parallel to their basal planes practically nulli- 
fies comparisons based on packing index. The minerals on the left side 
of the figure show little internal alteration compared with their opposites 
on the right side. The contrast in this respect between garnet and cor- 
dierite is especially striking. (The occurrence of inclusions must not be 
confused with true alteration products.) The contrast is less marked with 
the remaining pairs but is nevertheless notable. In all cases the silicates 
showing alteration confined to grain boundaries or fractures (left side) 
have higher packing indices than their more easily altered counterparts 
(right side). The inference is that the degree of packing of the ions in- 
fluences the rate of alteration by permitting entrance of solutions in vary- 
ing degree into the structure. The circumstance that garnet is a com- 
moner detrital mineral than cordierite, although each is composed of 
essentially the same elements, may be attributed to the relatively high 
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packing index and consequent slow decomposition rate of the former, 
Figure 28 could be materially expanded for illustrative purposes by in- 
clusion of mineral pairs somewhat less similar in chemical composition. 


POSSIBLE INVERSIONS IN STONY METEORITES 


In concluding the discussion of geological aspects of ion packing, some 
mention should be made of stony meteorites, as their constituents are 
largely silicates and therefore fall under the head of ionic minerals. As 
the origin of these extra-terrestrial bodies is subject, however, to even more 
speculation than the genesis of terrestrial rocks, only brief discussion will 
be attempted here. 

In a recent summary by Daly (1943) of facts concerning meteorites, one 
point emerges which has considerable interest in connection with ion 
packing problems. This concerns the abundant evidence of brecciation, 
fracturing, and mylonitization in stony meteorites. They are in con- 
sequence remarkably friable as compared with terrestrial rocks of similar 
composition and show unusual porosity. Daly has presented considerable 
evidence from density determinations in support of this. The minerals 
of the enigmatic chondrules, principally olivine and Mg-rich pyroxene, 
share this textural characteristic. The question may therefore be asked— 
Is this porosity a result of inversion processes, evidence of which is given, 
as in terrestrial inversions, by shattering and kindred textures? Fermor 
(1938) has long believed that the composition of certain enstatite chon- 
drules suggests their genesis from garnet by a pressure inversion (packing 
index of garnet about 6.5; enstatite 6.0). Until recently this postulated 
garnet had a composition unknown among terrestrial garnets. Fermor 
now believes he has evidence of such a garnet in a diamond-bearing pipe 
in South Africa. If this is so, its association with diamond raises an 
interesting point, as graphite (packing index 1.7), and not diamond 
(packing index 3.4), is characteristic of meteorites. Daly (1943) has 
already independently mentioned the possibility that diamond was the 
original crystalline form of meteoritic carbon, which has since inverted 
to graphite by release of pressure. 

It is not proposed to follow these speculations further, as sufficient indi- 
cation has already been given of the quantitative role packing index may 
play when more concrete evidence of pressure inversion is available. 


SUMMARY OF GEOLOGIC APPLICATIONS 


The preceding pages show that geologic correlation with packing index 
is subject to more restrictions than is the case with the mineralogic correla- 
tions. Care must be exercised to distinguish cause from effect. Eclogite 
appears to be the best example of a rock whose packing index is influenced 
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largely by pressure. Other geologic aspects of packing index having points 
of interest are summarized in the abstract. Doubtless others have been 
overlooked. This paper will have served its main purpose, however, if it 
stimulates some curiosity among geologists concerning packing in rock 
minerals and succeeds in developing an interest in the geological aspects 
of such problems. 
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ABSTRACT 


Fight hundred and forty-three reverse faults were observed, measured, and 
analyzed statistically in the section of Susquehanna Gap and Cove Mountain 
Displacements are from several inches to 12 feet. The 
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grooves and striae on fault surfaces strike perpendicular to fold axes independently 
of the fault strikes. The predominant dip is southeast and northwest including 
an angle which increases gradually from 45° on the south limb to 90° in the 
center of the Cove Mountain syncline. The faults tend to thicken the rock 
column vertically and to shorten it horizontally in the same manner as folding. 
Total accumulated thickening and lateral shortening is several hundred feet. The 
forces necessary to produce such faults are ample to explain brecciation and 
slickensiding even with very slight displacements and with dip angles of more 
than 55° but the forces must exceed the weight of the overlying rock column 
because of friction. Greater dip variation of northwest-dipping fault planes 
apparently indicates rotation of shear planes during folding. Steep average dip 
of northwest-dipping planes south of Marysville may be due to rotation after 
faulting since work done on steep planes would exceed that done on gentle ones. 

The authors believe that reverse faulting of the described kind is an important 
type of Appalachian deformation. Reverse faults are probably much more 
numerous and may be observed elsewhere. 


INTRODUCTION 


The area, along the Susquehanna and Juniata rivers in Perry and 
Dauphin counties, Pennsylvania, comprises approximately the same 
section as that described by Willard and Cleaves (1938, Pl. 1). 

The first comprehensive study of this area was made by Claypole 
(1885) who considered that the top of the Silurian, Lower Devonian, and 
lower Middle Devonian were not deposited at Susquehanna Gap. The 
section at Susquehanna Gap was investigated by Stose (1930, p. 638- 
641). Willard (1931) recognized Oriskany on top of Little Mountain 
at Susquehanna Gap. Cleaves (1935) studied the structure of the New 
Bloomfield quadrangle. A more detailed study of the stratigraphy of 
the section was made by Willard and Cleaves (1938, Pl. 10). They 
interpret the absence of uppermost Silurian and the lower portion of 
the Devonian at Susquehanna Gap as due to a thrust fault. 

Thus, reverse faults have been assumed in this section by Claypole 
(1885, p. 81-91), Willard (1931), Billings (1933), Cleaves (1935), and 
by Willard and Cleaves (1938, p. 20-21, Pl. 9), but a systematic or 
statistical analysis of the innumerable reverse faults of the region has 
never been undertaken so far as the authors know. 

To show the various formations and principal members of the section 
in their mutual relation, competency, thickness, and importance, the 
reader is referred to Table 1. Symbols used in Figure 1 are listed in 
Table 1 opposite formation names. 

A new highway along the west side of the Susquehanna River offers 
two exceptionally large well-exposed cuts, 34 and 134 miles southeast 
of Marysville. In the northern cut two sets of gently dipping fault 
planes repeatedly offset these faults. The senior author observed and 
investigated other well-exposed localities in the area. Thousands of 
minor reverse faults occur in the Paleozoic section. The fault displace- 
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ment is generally less than 5 feet, and direction of movement can be 
determined from slickensides. 

The junior author systematically measured slickensided fault planes 
and plotted them in orientation diagrams. The statistical treatment 
should show the general relationship between the reverse faults, the 
bedding, and the fold axes. The direction of movement as shown by 
the slickensides indicates whether the faulting was local or related to 
the deformation of the major syncline. Moreover, a systematic study 
of the reverse faults should provide quantitative data on the deformation 
of this portion of the Appalachians. 


METHOD OF INVESTIGATION 


Field work began in the first highway cut southeast of Marysville 
(localities 4-6) and in the adjacent quarry where well-exposed thrust 
faults are numerous and then continued northward to Half Falls Moun- 
tain. All measurable striae on slickensided thrust planes were recorded. 
Measurements included strike and dip of the thrust planes, the strike 
(horizontal projection) and pitch of the striae upon these planes, the 
relative direction of movement and the approximate displacement, and 
the attitude of bedding. Fourteen localities were studied in detail includ- 
ing quarries, highway, and railroad cuts which range from 100 yards 
up to 34 mile in cross section (PI. 1). 

The orientations of structural elements were plotted into equal area 
nets (lower half) and counted as on fabric diagrams. The diagrams are 
not fabric diagrams and are not based on microscopic investigation 
but show only field data. The statistical treatment is the same as 
that used in fabric analysis. Striations, axes, and all linear elements 
are shown as intercepts of the line with the reference sphere; bedding 
planes, thrust planes, and all planes in general are represented by their 
poles. The distribution of points was then counted and contoured. All 
the orientation diagrams show north at the top and are projections 
into a horizontal plane (map). A full explanation of the method can 
be found in Haff (1938) or Ingerson (1938). 

Two diagrams represent each locality for which a sufficient number 
of measurements were obtained, one for planar and another for linear 
elements. There are no diagrams for locations 11 and 12 since avail- 
able readings were too meager. Plate 1 is a vertical plane table sheet 
and shows the southwest wall of the first large highway cut southeast 
of Marysville. Bedding, thrust planes, stratigraphic thicknesses and 
displacements were measured and plotted into a plane table sheet in the 
field. 
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Taste 1.—Stratigraphic succession in the area 


METHOD OF INVESTIGATION 


Symbol Formation or Principal Character and 
System Group Fig. 1 Member thickness 
Coarse quartz-peb- 
Pennsylvanian Cpv Pottsville conglomerate ble conglomerate and 
sandstone 
Cme | Mauch Chunk red beds Red sandstones and 
shale, 2000-3000 ft. 
Mississippian Thick- to medium- 
bedded, resistant 
Cp Pocono formation sandstone with shale 
beds, 1600 ft. con- 
glomerate beds 
— Catskill red beds includ- | Red sandstones and 
ing Chemung formation | shales, 5000 ft. 
Trimmers Rock sand- | Thin- to medium- 
stone, Losh Run, Brail- | bedded sandstone 
Portage Dptr | lier, Harrell, Burkett and | with shale beds, 2160 
Tully shales ft. 
Montebello sandstone in- | Thin- to medium- 
Hamilton | Dhm | cluding Moscow shale and’| bedded _ sandstone, 
Rockville sandstone 800-1000 ft. Shale 
interbeds 
Devonian 
Marcellus shale and | 100 ft. 
Onondaga limestone 
Oriskany | Do Oriskany sandstone Coarse sandstone 
and chert, 25-70 ft. 
Shaly limestone with 
Helderberg} Dh Helderberg limestone sandstone bed at 
top, 15 ft. 
Red sandstones and 
Sb Bloomsburg red beds shales, thin-bedded, 
500 ft. 
Rose Hill formation in- | Medium-bedded red 
Silurian Srh cluding Keefer sandstone | sandstones, 700-750 
ft. 
Thin- to medium- 
St Tuscarora sandstone bedded, resistant 
sandstone and con- 
glomerate, 275 ft. 
Juniata red beds includ- | Soft red conglomer- 
Oj ing Oswego sandstone ate, sandstone and 
shale, 110 ft. 
Ordovician 
Shale with sand- 
Om Martinsburg shale stone, and limestone 


beds, 3000 ft. (?) 
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TERMINOLOGY USED 


The term reverse fault is used for those planes along which older rocks 
were placed above younger ones. 

Bedding-plane thrusts are parallel to, or at very low angles to, bedding 
planes. 

Slippage on bedding planes is common, can be normal or reversed, 
and in many instances direction is hard to determine. 

In the analyses of rock fabrics, directions are generally referred to 
a co-ordinate system: a is the direction of transport, flowage, or dis- 
placement; b is an axis perpendicular to a which may be an axis of 
rotation; and c is perpendicular to a and b, or the ab-plane. In this 
study the fold axes are called b, the plane perpendicular to b is the 
ac-plane. Inasmuch as the fold axes are predominantly horizontal, the 
ac-plane is mostly vertical. Striations on reverse faults are in the inter- 
section of the ac-plane and the fault planes, and since they indicate the 
direction of transport they represent a. 

In the diagrams (Figs. 3-14) S is the bedding plane trace and con- 
structed with the average measured direction for bedding as pole; b is 
the horizontal projection or the “strike” of the fold axis; ac is the trace 
of the plane normal to the fold axis b. 


GENERAL GEOLOGY OF THE AREA 


The writers refer to the syncline between Blue Mountain and Half 
Falls Mountain as the Cove Mountain syncline and the anticline at 
Half Falls Mountain as the Half Falls Mountain anticline (Fig. 1). 
The Cove Mountain syncline is a close asymmetrical fold overturned 
toward the north. This syncline and the adjacent Half Falls Mountain 
anticline are in a marginal area of close folding within a region of open 
folding (Willis, 1893, p. 225, Pl. 46). Massive limestones such as those 
described by Hayes (1891) in the southern Appalachians are almost 
entirely absent and arenites and argillites predominate. 

The assumed large reverse faults parallel the general strike and are 
considered to have a steep southward dip. Judging from the dip of 
numerous small reverse faults observed in the northern half of the Cove 
Mountain syncline, it seems likely that the large thrust faults interpreted 
along the Half Falls Mountain anticline dip moderately instead of 
steeply southward. According to Claypole (1885, p. 88) the dip of 
the Perry County fault is probably less than 45°. The large fault 
planes probably dip southward at an angle only slightly higher or 
lower than the south limb of the Half Falls Mountain anticline. This 
suggestion is based on the fact that minor reverse faults tend to parallel 
the bedding planes in the northern half of the area. 
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Willard (1931, p. 703-706) suggests a major strike reverse fault in 
the valley between Blue Mountain and Little Mountain at Susquehanna 
Gap which may be referred to as the valley fault. According to him 


G 
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Figure 2—Diagram showing mutual relation of structure elements 


The inward movement of wedges has heightened the block. If the diagram is turned 90° 
counter-clockwise the close relationship between thrusts and normal faults in block faulting 
becomes evident. In ‘‘Horst and Graben” regions the angle between faults is larger. 


(p. 705) this fault is partly based on the gap in the stratigraphic sequence 
and partly on the presence of so-called Oriskany on top of Little Moun- 
tain at locality 4 (Fig. 1). 

To account for the supposed Oriskany, Willard (1931, Fig. 4) postu- 
lates a normal fault dipping gently northward along which the Oriskany 
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has been moved from the valley fault upon the top of Little Mountain, 
Another gently dipping normal fault is shown by Willard and Cleaves 
(1938, Pl. 4B) between the Juniata red beds and the Tuscarora sand- 
stone at Rockville. Two intersecting thrust faults have been observed 
at this location. Billings (1933, p. 153) refers to reverse faults at the 
same locality. 

The present writers, however, believe that the missing sequence between 
Blue Mountain and Little Mountain is due to lack of deposition and 
that the supposed Oriskany on top of Little Mountain is Montebello 
sandstone. Cleaves (Willard and Cleaves, 1931, footnote, p. 1) has 
thrown considerable doubt on the presence of Oriskany at Susquehanna 
Gap. The coarse sandstone or conglomerate in the center of the cross 
section in Plate 1 may be the same horizon as the so-called Oriskany 
above the section. The divergence in strike mentioned by Willard (1931, 
p. 703) may be accounted for by the intraformational disconformity 
shown at the base of this sandstone in Plate 1. The normal fault at 
Little Mountain suggested by Willard (1931) is considered by the writers 
as a reverse fault because of direction of movement shown on the 
slickensided surface. 

The thrust plane pictured by Willard (1931) is one of the many small 
reverse faults described in this paper. 


REVERSE FAULTS 
DESCRIPTION 

The steeply dipping beds within the southern limb of Cove Mountain 
syncline are transected by innumerable gently dipping reverse faults 
of small but measurable displacement. On Plate 1, the southwest face 
of the new road cut southeast of Marysville is shown, and the many 
gently diping fault planes are striking. 

The fault planes may dip in almost any direction. The large surface 
shown in Figure 1 of Plate 2 dips to the southwest. However, as shown 
in Plate 1, the average dip is to the southeast and northwest. All fault 
planes are striated and deeply grooved, indicating the direction of dis- 
placement. Without exception the movement was in a reverse sense 
and perpendicular to the fold axes (in the ac-plane). Figure 2 of 
Plate 2 clearly shows the displacement of a thick sandstone bed and 
intersection of other gently dipping fault planes. Where two planes inter- 
sect both are reverse faults, and there is no definite indication as to 
relative age. Scaling and chipping of slickensided patches permit deter- 
mination of relative movements in the absence of offset beds. 

In the central and northern portion of Cove Mountain syncline, 
reverse faults of the same kind are also numerous. Striae show constant 
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strike but varying dip. Displacements are also small, but the cumulative 
effect is considerable. Where bedding is steep the dip of the fault 
planes is gentle and the angle of intersection large. If bedding planes 
dip gently and the angle between the fault plane and bedding plane 
is small, the latter becomes a thrust plane and is covered with grooves 
and striae. Under such conditions, displacements are difficult to deter- 
mine. Direction of movement is constant in this area and perpendicular 
to the direction of the fold axes. The effect of movements along these 
reverse faults is the same as in the southern area and a general crustal 
shortening perpendicular to the direction of the fold axes has been 


accomplished. 
STATISTICAL ANALYSIS 


The orientation of 843 reverse faults has been measured at 12 locali- 
ties. The number of observations increases with the size of the exposure, 
which seems to indicate that there may be more faults at those smaller 
exposures where the number of observations is rather low, as for instance 
at localities 2 and 13 (Fig. 1). 

The orientation of faults and striation was plotted into equal-area 
nets and are shown separately in Figures 3 to 14. Locality numbers 
are indicated in Figure 1. 

Figures 6, 7, 8, and 14 show the localities in the southern limb of 
Cove Mountain syncline. Here the maxima of fault-plane poles are 
northwest and southeast of the fold axis (b) near the center. Each 
diagram shows a small angle of intersection for the thrusts and a large 
one for fault and bedding planes. Maxima for fault-plane poles and 
striation are in the ac-plane without much deviation. Figure 7a shows 
some planes whose strike parallels ac—their poles are near the axis, 
the corresponding striation, however, is perpendicular to b, consequently 
parallels the strike of the plane. 

Northward the faults dip more steeply, and their orientations become 
more scattered. The angle of intersection increases, but at the same 
time maxima to the northwest of the center of the diagrams show 
predominantly southeastward dip of fault planes and striation. Near 
locality 10 (Fig. 12a, b) west of Dauphin, the center of Cove Mountain 
syncline is reached. Fault planes and striations dip steeply. From 
here on northward, southeasterly dips predominate as shown in Figures 
4a, b; 3a, b; 9, 10, and 11. In this region, bedding dips generally 
southeastward but is quite variable because of smaller folds in the 
less competent Mauch Chunk and Catskill red beds. 

Figures 10a and b are the most symmetrical diagrams from locality 
8 and show orientation in the sandstones and shales. Here the dips 
of fault planes and bedding are southeast, but the maximum for stria- 
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tion is not in the trace of the bedding plane (10b) thus indicating ap 
angle of 10° to 20° between bedding and reverse faults. In spite of 
the suitable dips of bedding, new planes have been formed. 

All data were assembed in two generalized diagrams (Figs. 15a, b). 
The ac-plane was used, and the plane of the diagrams is a cross 
section approximately perpendicular to the average position of the fold 
axes which emerge in the center. Figure 15a shows the strict orienta- 
tion of reverse faults in the southern limb of Cove Mountain syncline, 
The bedding dips steeply southeast and is slightly overturned. Reverse 
faults are symmetrical with respect to line + which, however, is not 
horizontal but perpendicular to the bedding. Consequently, southeast- 
dipping fault planes are gentler than the northwest-dipping ones. 

Figure 15b shows two maximum positions for bedding (ruled areas) 
dipping steeply southeast and northwest. Reverse-fault maxima include 
an angle of 90° and do not coincide with bedding. The spread of 
the fault planes as indicated by brackets along the periphery of the 
circle is four times that in the south limb of Cove Mountain syncline, 
Some faults parallel bedding, but may be perpendicular to bedding 
in the other limb. Line z is almost horizontal. 

In the northern portion of the region, the orientation of reverse faults 
is much more scattered and corresponds closely to the many smaller 


folds in this area, due largely to the incompetency of the formations 
like the Mauch Chunk and Catskill red beds. 


DISPLACEMENTS 


Assuming a 1-foot average, the cumulative displacement would be 
843 feet. Many faults exceed 2 and 3 feet, and total displacement of 
over 1000 feet seems conservative. There is no reason to assume that 
such faults are restricted to the 14 localities examined, but are probably 
evenly distributed throughout a much larger area. They may also 
continue at depth and must have existed above the present level of 
observation before erosion. The accumulated displacement amounts 
probably to thousands of feet, and in spite of the small individual dis- 
placement reverse faulting of this type is an important factor in 
Appalachian deformation. 

Here, the displacement along the fault planes is of less interest than 
the horizontal and vertical components of this movement and their 
effect on the deformation of the area. The horizontal component is 
called h, the vertical component v, and the displacement along the 
fault plane d. If a is the dip angle then 


v=dXsina, and h=dXcosa. 


Ed 
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Figure 1. Reverse FAutt in ForeGrounpD Dippinc SouTHWEST 
New highway cut southeast of Marysville (in background). Locality 5. 


Ficure 2. INTERSECTING REVERSE FAULTS 


At first quarry north of Rockville. The heavy sandstone bed has been thrust southward (to the right) 
Locality 14. 
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In the southern limb of Cove Mountain syncline, the average dip 
of the fault planes is 22°, as measured in reference to line x in 
Figure 15a. Five hundred and twelve faults were measured in that 
area and if a minimum average displacement of 1 foot is assumed: 


v = 612 X 0374 = 192 feet and 
h = 612 X 0.997 = 476 feet. 


In the central and northern part of the area the average dip of the 
331 observed faults is 45°. If 1 foot is the average minimum displace- 


ment, then 
h=v= 831 X 0.707 = 234 feet. 


These figures show very clearly that the area was shortened laterally 
and thickened vertically. The above values seem much too small 
because only very few exposures are available and if one ventures 
an estimate of 5 per cent exposure versus 95 per cent unexposed terrane 
the above figures should be multiplied by 20. If a third dimension 
is added, for instance the thickness of the geologic column above and 
below, the figures would grow enormously, probably into many thousand 
feet for each component. 

However, this latter conclusion does not consider that the faults die 
out up and down the dip and are then replaced by roughly parallel 
ones. In addition, some adjustment may take the form of folding 
or flowage in less competent beds. In order to arrive at a more 
reliable figure, one would need vertical exposures of thousands of feet. 
The west side of the large road cut south of Marysville shows 10 reverse 
faults per 100 feet vertical elevation—an average displacement of 1 
foot per 10 feet vertical exposure. If the height of the south limb 
of Cove Mountain syncline were 5000 feet there should be 500 feet of 
accumulated displacement. Using the above formula: 


v = 187 feet, and h= 463 feet. 


In the center of the syncline the displacement is 354 feet. 

Possibly such computations, based on many assumptions, are futile. 
The authors feel, however, that the figures at least show the order of 
the magnitude of the adjustments. 

Furthermore, the steeper average dip of reverse faults in the central 
portion of the area provides a larger vertical component, possibly due 
to the crowding of material between the two limbs of the syncline. The 
more the limbs are pressed together, the smaller the space between 
them. The material escapes upward as may be seen in crinkling and 
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minor folding of incompetent beds, flowage and formation of flow 
cleavage in the axial plane, and in a small way in the reverse faulting. 

A gradual increase of the angle between fault-plane maxima is shown 
in the individual diagrams, Figures 3 to 14. From southeast to north- 
west the angle increases from 35° to 45° at localities 3, 4, 5, 6, and 14; 
to 70° at locality 10; and 80° to 90° at locality 2. From here north- 
ward, the angle remains large which may be due to the intense minor 
folding in the incompetent beds of the Juniata River section. 


MECHANICAL ANALYSIS 


Undoubtedly, the described faults are two intersecting shear planes 
which dip predominantly southeast and northwest and intersect in the 
direction of the fold axes. Their attitude is influenced locally by 
competency of formations, presence or absence of bedding planes which 
may serve as planes of movement, homogeneity of the faulted complex, 
presence of small and large folds, and their position within the Cove 
Mountain syncline. 

Attitude of bedding had a strong influence. In the southern limb 
bedding is almost vertical, and the dips of the faults with reference 
to the bedding are symmetrical on both sides of line x in Figure 15a 
but not with reference to the horizontal. Bedding dips 80° SE., and 
line x dips 10° NW. 

The angle between the shear planes is 45° (Fig. 15a) and not 90° 
as frequently shown experimentally or theoretically. 

The orientation of faults in the central and northern portion of Cove 
Mountain syncline is much more variable because of small-scale folding. 
Two maxima appear; bedding and shear planes may correspond to 
either one. Furthermore, the bedding tends to dip gently southeastward, 
and, where this direction approaches one of the shear planes, movement 
takes place along the bedding planes. All faults, however, have a 
uniform direction of slickensides and movement. Seemingly local slips 
are elevated to regional importance because they all participate in a 
uniform regional adjustment. 

The variation in dip of the fault planes is indicated by brackets along 
the periphery of the circle in Figure 15. It is less for southeast-dipping 
faults than for northwest-dipping ones. The difference is 4° in Figure 
15a and 28° in Figure 15b. The individual diagrams, for instance 
Figures 9a, 11b, 12a, and 14b, show the same variation. 

All displacements along the reverse faults are “uphill,” and thus in 
defiance of the weight of the overlying rock column. Where the dip 
angle of the fault surface is small, the vertical component or “lift” 
is also small but increases with increasing dip. The overlying forma- 


REVERSE FAULTS 1387 


tions within the south limb of Cove Mountain syncline must have 
included the Devonian and Carboniferous; at the center, the Carbonifer- 
ous was above the faults, and in the northern limb large portions of 
Devonian and the Carboniferous were above it. 

Assuming a density of 2.5 a 15,000-foot column of rock would exert 
a pressure of 17,000 pounds per square inch on a horizontal plane. This 
pressure is reduced with increasing dip of the fault planes and changes 
with the cosine of the dip angle. 

The force necessary to move a mass up an incline depends on the 
coefficient of friction (f), the weight of the body (W), and the degree 
of incline (a). The force necessary to move the body is: 


P=W Xsina+F, 
F={xXN and N=W >xXcosa, 
thuy P=W sina+f{xX(W X cosa). 


N is the component normal to the fault plane, and W X sin a the 
component parallel to and down the incline. The least known factor 
is the coefficient of friction f. If f is assumed to be 0.5 (wood on wood) 
and the column to be considered as 17,000 pounds, the force necessary 
to overcome friction on a plane dipping 30° would be: 


P = 17,000 X sin 30 +05 X 17,000 X cos 30 = 15,861 pounds 


for every column. With a dip of 60°, P equals 18,972 pounds. Due to 
friction, P exceeds the weight of that column. 

Despite uncertainties in such calculations, two facts are clear: (1) The 
pressure available is ample to produce the most elaborate striation, 
brecciation, and grooving even if movements do not exceed 1 millimeter. 
Thus intensity of striation and grooving on a fault plane is no indication 
for the amount of displacement. (2) The steeper northwest-dipping 
planes in the south limb of the syncline require a greater force than 
do the gentler southeast-dipping ones. The work done along the steeper 
planes is also considerably greater. 

This conclusion seems absurd for it can hardly be assumed that greater 
forces operated from the northwest than in the opposite direction. All 
evidence points to movements from the southeast which must mean that 
these forces overcame the resisting and opposing ones. 

Figure 15b shows that line x is horizontal in respect to the average 
dip of the fault planes. If the above deduction is applied for this 
area, the work done in both directions is equal. In the south limb, 
line x is inclined northward. This inclination seems to point toward 
a rotation of this limb into a slightly overturned position after formation 
of the fault planes. 
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CONCLUSIONS 


Appalachian folding is the reduction of a broad belt of sediments 
into a narrower space, with simultaneous thickening of the affected 
sequence. The senior author has previously tried to evaluate the short- 
ening factor (E. Cloos, 1940). Inasmuch as there is little evidence 
of intervening strong erosion, the sequence must have thickened as it 
was folded. If the lateral shortening is 50 per cent, the complex has 
been thickened by 50 per cent of its original thickness. This factor 
may be reduced by 10 per cent due to elongation parallel to the fold 
axes due to arcuation. Shortening and thickening can be accomplished 
by folding, flowage, and reverse faulting. The authors believe that all 
three were effective. Folding produced large and small folds, flowage 
resulted in a flow cleavage and may have been as effective as folding. 
In the authors’ opinion, flowage has received much too little attention. 
(See E. Cloos, 1942.) Folding and flowage grade into each other imper- 
ceptibly. Reverse faulting is probably the third process and is most 
likely a manifestation of the end phase of the total deformation. It 
tends also to reduce the horizontal distance, h (shortening), in favor of 
the vertical, v (thickening). Reverse faults are numerous in the De- 
vonian and Carboniferous of the area and probably occur everywhere. 
Uniform orientation of slickensides shows that the faults are not local 
but are a part of the large process of Appalachian folding; the authors 
believe that they were formed when folding and flowage were no longer 
major factors and the mass began to rupture. 

Careful and systematic observation elsewhere may well establish this 
type of deformation as widespread and as the typical reaction of folded 
areas to continuing stress. 
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a b 
Ficure 3.—Statistical orientation diagrams 
Locality 1 (Fig. 1) Railroad section 1% to 2% miles NE. of Duncannon. 


(a) 94 thrust plane poles, contours 1-3-6-9-12 (b) 90 striation measurements, contours 1-3-6-9- 
per cent. 12 per cent. Reverse faults dip mostly southeast. 


a b 
Ficure 4.—Statistical orientation diagrams 
Locality 2 (Fig. 1) Highway section 1% to 2 miles S. of Duncannon. 


(a) 17 thrust plane poles, contours (7-20)-(20- (b) 15 striation measurements, contours (7-20)- 
35) per cent. (20-33) per cent. The few measurements show 
the predominant southern dip of the fault planes. 
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Ficure 5.—Statistical orientation diagrams 
Locality 3 (Fig. 1) Railroad section at Marysville along new highway. 


(a) 96 thrust plane poles, contours 1-3-6-9- (b) 105 striation measurements, contours 1-3-6- 
(12-17) per cent. 9-(12-14) per cent. 


Note: The gradual decrease in dip from north to south. The angle of intersection decreases 
correspondingly. 


Ficure 6.—Statistical orientation diagrams 
Locality 4 (Fig. 1) Quarry 1 mile SE. of Marysville. 


: (a) 197 thrust plane poles, contours 2-3-5-6- (b) 205 striation measurements, contours 2-3-5- 
(8-10) per cent. 6-(8-10) per cent. 
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Ficure 7.—Statistical orientation diagrams 
Locality 5 (Fig. 1) New highway cut % to 1 mile SE. Marysville. 


(a) 174 thrust plane poles contours 2-4-6-7- (b) 184 striation measurements, contours 2-4- 
(9-10) per cent. 6-7-(9-10) per cent. 


a b 
Figure 8.—Statistical orientation diagrams 
Locality 6 (Fig. 1) New highway cut 1% miles SE. of Marysville. 
(a) 45 thrust plane poles, contours 2-7-(13-20) (b) 47 striation measurements, contours 2-7-(13- 
Per cent. 20) per cent. 


Note: Figures 6, 7 and 8 show three localities in the southern limb of Cove Mountain syncline. 
Reverse faults dip gently and the intersection angle is small. 
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Ficure 9.—Statistical orientation diagrams 
Locality 7 (Pl. 1) Highway section 24% miles NW. of Amity Hall on Juniata River. 


(a) 29 thrust plane poles, contours 4-11-(21-24) (b) 28 striation measurements, contours 4-(11-18) 
per cent. per cent. 


Ficure 10.—Statistical orientation diagrams 
Locality 8 (Fig. 1) Highway section 1% miles NW. of Amity Hall on Juniata River. 


(a) 42 thrust plane poles, contours 2-7-14-(21- (b) 42 striation measurements, contours 2-7-14- 
26) per cent. (21-26 per cent. 
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a b 
Ficure 11.—Statistical orientation diagrams 
Locality 9 (Pl. 1) Highway section % mile N. of Amity Hall. 


(a) 62 thrust plane poles, contours 2-5-10-15-20 (b) 63 striation measurements, contours 2-5-10- 
per cent. 15-20 per cent. 


Note: Localities shown in Figures 9, 10, and 11 are north of the center of Cove Mountain syn- 
cline. The intersecting angle is large but south dip, roughly parallel to the north limb of of the 
syncline is prevalent. 


a b 


Ficure 12—Statistical orientation diagrams 
Locality 10 (Fig. 1) Railroad section along Susquehanna River west of Clark Creek and Dauphin. 


(a) 37 thrust plane poles, contours 3-8-(16-22) (b) 35 striation measurements, contours 3-8- 
Per cent. (17-20) per cent. 
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a b 
Ficure 13.—Statistical orientation diagrams 
Locality 18 Third quarry north of Rockville at Little Mountain. 


(a) 24 thrust plane poles, contours 4-(12-25) (b) 24 striation measurements, contours 4-12-25 
per cent. per cent. 


a b 
Ficure 14.—Statistical orientation diagrams 
Locality 14 Second quarry north of Rockville at Little Mountain. 


(a) 26 thrust plane poles, contours 4-(12-23) per (b) 26 slickenside measurements, contours 4-12- 
cent. 23 per cent. 


Note: Locality 10 is almost in the center of Cove Mountain syncline and shows a large angle 
between thrust planes; localities 13 and 14 are in south limb of Cove Mountain syncline. 
There are no diagrams for localities 11 and 12. 
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ABSTRACT 


The lower limit of visible traces of penetrative movement in quartz-rich rocks 
can be defined by studies of orientations and mutual relations of grains. Intensity 
of deformation in the central Appalachians decreases gradually from the crystalline 
Piedmont toward the north, northwest, and west perpendicular to the regional 
trend. The author has attempted to determine the limits of visible deformation 
geographically and stratigraphically. " 

Five types of quartz have been distinguished on the basis of texture: original 
grains, peripheral growth quartz, crush quartz, needle quartz, and recrystallized 
quartz. Each type indicates a particular degree of deformation grading from 
original grains showing little or no deformation to completely reoriented and 
recrystallized SiOz. 

If granulation affects 22 per cent of the quartz present a lineation may become 
visible megascopically. It is then perpendicular to the fold axis b, contained within 
the flow cleavage plane, and parallel to a. Arrangement of grains into physical 
parallelism precedes the development of preferred optical orientations. Lattice 
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parallelism develops either through fracturing or through coalescence of reorganized 
crushed quartz particles. 

A study of the regional distribution of recrystallization and flowage on a quanti- 
tative basis permits the definition of a transitional zone in which the nontectonites 
on the northwest merge with the tectonites on the southeast. Fabrics of rocks 
in the tectonite area are readily deciphered, while those northwest of the demarca- 
tion belt are increasingly indistinct. 


INTRODUCTION AND SCOPE 


The present investigation has a dual purpose: (1) To trace the devel- 
opment of recrystallization and flowage in deformed arenaceous rocks 
of the central Appalachians; (2) to evaluate preferred orientations devel- 
oped through such processes. The problem resolves itself into an attempt 
to discriminate that zone within a folded parametamorphic series in 
which quartz-rich rocks become tectonites. 

The major thesis is the recognized need for a quantitative measure of 
rock deformation. 


“The pressure-temperature-time factors under which quartz can be deformed 
with or without losing space-continuity, would help one to understand the meta- 
morphic history of a given quartzite or quartz schist.” (Knopf and Ingerson, 1938, 


p. 33.) 

An attempt is made to trace the development of deformation from 
the earliest indications of stress-induced activity to the extremely de- 
formed quartz schists. 


LOCALITIES AND SPECIMENS 


The central Appalachian area offers excellent material for such a study. 
On Figure 1 are plotted the specimen localities. It is believed that the 
localities are sufficiently widespread to be representative. 

Locality or specimen numbers are plotted on Plate 1 along with for- 
mation names for tectonite horizons. Localities were chosen with ex- 
treme care in an attempt to collect rocks which would show a maximum 
vertical and horizontal distribution, a variation in composition and 
texture, and as many structural features as possible. 

A formation chart (Table 1) permits a correlation of specimen horizons. 
Five specimens were collected from the pre-Cambrian (?), 19 from 
the Cambrian, 5 from the Ordovician, 7 from the Silurian, 5 from the 
Devonian, and 1 from the Mississippian. The Silurian yielded one 
tectonite specimen; all others are restricted to pre-Cambrian (?) or 
lower Cambrian horizons. Localities are spread over approximately 
300 square miles across the folded portion of the central Appalachians. 
The area extends from the little-disturbed Appalachian Plateau region 
in West Virginia and Pennsylvania to the intensely deformed eastern 
Piedmont of Maryland and Pennsylvania. 
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Inder Map Showing: area studied specimen localities 
generalized trend of Appalachian Mountains Vi 


Ficure 1.—Index map 
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Rock types include “pure” quartz sandstones, a transitional series of 
argillaceous sandstones which grade into sandy shales, ferruginous 
sandstones, and calcareous sandstones which are. transitional into are- 
naceous limestones. These rocks also grade into their metamorphosed 
equivalents. 

Seventy-four oriented specimens were colleeted during the summer of 
1942. Seventy-six quartz and 16 mica diagrams were prepared from 
54 oriented thin sections. Four of the rock specimens with oriented 
sections were contributed for the study by Ernst Cloos. Observation 
and measurement of 25,000 quartz grains has provided the basis for 
a somewhat different concept of recrystallization and flowage from 
that currently held. 
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STRUCTURES AND FIELD METHODS 


Attitudes of bedding, flow cleavage, lineation, and fold axes are 
plotted in the structure map (PI. 2). Quartz axes concentrations are 
shown in miniature fabric diagrams at those tectonite localities where 
maxima exceed 3 per cent. 

Bedding and flow cleavage were measured in the field except for 
a few microscopic determinations (F 31, F 64, F 65, F 77, F 78). The 
majority of lineations shown on the structure map were determined 
or verified microscopically. Fold axes were measured in the field only 
where intersections of cleavage and bedding or dependable ac joint 
faces were available. Few outcrops provide dependable readings, and 
determination of b (fold axis) was usually possible only by plotting 
microscopic data into an equal-area net. 

An arcuate belt indicates the zone where subtectonites grade into 


tectonites. 
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Small folds were special objects of search since it was suspected that 
deformation by solid flow in such environments would reveal an inter. 
pretable series of fabric diagrams. Plate 3 shows four folds of the 
type studied. All folds similar to those shown in the field photographs 
proved to be simply flexures and not tectonitic. 

Results here presented are not intended to apply to all quartz tecto- 
nites. They may, however, be considered applicable to any arenaceous 
series whose structural character closely parallels that of the central 
portion of the folded Appalachians. 


PETROFABRIC ANALYSIS 
METHOD AND TECHNIQUE 


General considerations—TIn conformity with standard practice the 
author has used the lower half of the equal-area net into which quartz 
axes and mica cleavage poles have been plotted. Quartz grains meas- 
ured averaged 330 per slide with a minimum of 100 and a maximum 
of 500. One hundred mica cleavage poles were sufficient in most 
instances, although 200 measurements were made for those with less 
obvious orientations. 

The arrow and bar at the center of each diagram represent the strike 
and dip of the oriented section from which the diagram was prepared. 
Interpretation of strike and dip values is given on diagram F 98 (PI. 11). 

Each diagram represents approximate ac plane projections whereby 
the fold axis b appears at or near the center. This holds except for 
those specimens for which two or more analyses have been made from 
mutually perpendicular cuts. 

The fabric co-ordinates a, b, and c appear on the diagrams where 
the information was available; a could not be determined in nontectonite 
specimens since a direction of movement was not apparent. The 
nontectonite fold axes are determined from field measurements which 
in a few cases are necessarily inferential. 

S-planes are labeled according to custom in order of their origin: S, 
refers to bedding, S. to flow cleavage, and S, to fracture cleavage. 

Diagrams are segregated for ease of comparison into two groups. 
Plate 10 includes 31 nontectonite diagrams; Plates 11 and 12 include 
61 tectonite diagrams and 5 cumulative or interpretative analyses. 
Legends accompany both sets. A summary of general fabric data appears 
on Tables 8 and 9. The information includes specimen numbers, ori- 
entations of cuts, number and types of grains measured, planimeter 
measurements of areas covered by 4, 5, and 6 per cent axes concentra- 
tions, plotted maxima in relation to known maxima, and general remarks. 
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Counting and contouring diagrams.—The technique involved in count- 
ing and contouring is a variation from the standard practice outlined 
by Knopf and Ingerson (1939, Pt. 2). The method used obviates the 
need of a grid for guiding and permits the count to be placed directly 
on the point sheet rather than through a tracing. Equipment includes 
a T-square calibrated to half a centimeter divisions, a stationary vertical 
guide inked onto the base sheet with the same intervals, carbon paper, 
and a composite circle counter which allows both peripheral and center 
counting and is easily fashioned from a celluloid triangle. 

Counts are made in the usual fashion except that half-centimeter inter- 
vals are used for greater accuracy. As the circle strip slides along the 
graduated T-square numbers are placed at the center of the window 
according to the number of points appearing at each interval. When 
a traverse is completed the T-square and counter are moved half a centi- 
meter to a new position controlled by the vertical scale, and a new trav- 
erse is begun. In order that the original point sheet may be kept for 
reference a hard pencil or stylus is used which not only produces a sharp 
and easily legible carbon but also allows the original point diagram to 
remain unobscured by figures. The contouring can then be made on the 
carbon reproduction, and the completed diagram transferred to a final 
tracing. 

The chief advantages are: (1) It alleviates eyestrain developed by 
counting through a tracing sheet; (2) it requires fewer pieces of equip- 
ment; (3) it allows more freedom in the measurement of interspace 
maxima since the rigid grid is not used to control the location of the 
counts. 


Planimeter measurements.—Fairbairn (1942, p. 129) describes great 
accuracy in contouring as “time . . . largely wasted.” He lists reasons 
for avoiding detail based on “the origin of data ... and the method 
of projection.” His point is well taken for diagrams where obvious sym- 
metries or well-defined maxima are developed. Such is not the case in 
the present investigation. A study of the transition from undeformed 
rocks into tectonites requires more rather than less detail. 

The author has been able to differentiate random from significant 
maxima by measuring the percentage of area included within any given 
contour. A planimeter is well adapted to this purpose since the contour- 
ing is controlled by points plotted into an equal-area net. Thus the 
planimeter figures can be converted easily into true percentages of the 
surface area of the sphere covered by a particular maximum. 

The significance of this technique becomes apparent where evaluation 
of concentrations is concerned. It is a method by which concentrations 
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of axes can be evaluated quantitatively. Thus the restricted or general 
distribution of maxima can be indicated in absolute terms. Its appliegs 
tion to the interpretation of diagrams will be apparent to anyone familigg 
with the problem. 


Figure 2—Diagram showing bedding, cleavage, and lineation in relation 
to reference axes a, b, and c 


Preparation of cumulative diagrams.—Diagrams F 93 and F95 (Ph 
12) represent plotted and contoured maxima from all diagrams whieh 
showed concentrations of more than 3 per cent. After plotting, each 
maximum was broken up into a number of points equivalent to its rela- 
tive percentage weight. Thus 20 points would replace four 5-per cent 
maxima, and 12 points would appear in place of three 4-per cent concen- 
trations. The resulting count was made from 277 points representing 
62 maxima. 


TERMINOLOGY 


Any study dealing with fabric analysis requires the use of an unstable 
terminology. The author’s interpretations of numerous confusing terms 
are presented in an effort to minimize any misinterpretations of the data 
here presented. 
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Figure 2 shows schematically the structural elements of a fold in rela- 
tion to the co-ordinate reference axes. The fold axis is horizontal, there- 
fore the strike of the bedding is parallel to b. Cleavage (or “flow cleav- 
age”) has a genetic as well as descriptive connotation and is synonymous 
with “axial plane foliation” (Fairbairn, 1942, p. 98-100). The cleavage 


Taste 2—Definition of reference axes according to Albert Heim 


Reference axes 


Definitions of axes 
Sander Heim 


“The axis of least deformation or of constant dimension. It 
lies approximately parallel to the fold axis in the cleavage 
plane and transverse to the lineation. It is the axis of inter- 
mediate stress and of least deformation.” 

“The axis of strongest deformation lies perpendicular to the 
cleavage plane.” 

“The axis of most intense stretching is in the direction of move- 
ment. It lies precisely in the direction of stretched elements 
in the cleavage plane and approximately in the direction of 
dip of a planes in steep isoclinal folds.” (Heim, 1921, 
p. 83-84. 


traces on the ac plane show a characteristic fanning outward from the 
axial plane and parallelism on the bedding plane. Two lineations are 
shown in the schematic fold: (1) as stretched particles lying in the cleav- 
age plane parallel to a; (2) as the intersection of cleavage and bedding. 
Measurement of the elongation of grains or other fabric elements is 
another quantitative method by which flowage and recrystallization can 
be analyzed. In the present discussion “elongation ratios” refer to 
micrometer measurements of the longest to the shortest dimensions of 
the grain or grains under observation. It does not refer to maximum 
elongation since the cuts expose an appreciable but seldom a maximum 
elongation. 

Most workers agree on the restrictions of the terms “tectonite” and 
“nontectonite.” The author interprets “tectonite” as any rock in which 
a rearrangement of constituents has been controlled by a traceable scheme 
of deformation. Such rearrangements may result in a preferred dimen- 
sional or a preferred lattice orientation of rock elements. 

Albert Heim in his monumental work, Geologie der Schweiz (Heim, 
1921, p. 81) has included a comprehensive discussion of linear stretching 
(“Linearsteckung”). His reference axes are labeled differently from 
Sander’s, but the elements on which the terminology is built are identical. 
Table 2 defines the references axes a, b, and ¢ with a free translation 
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from Heim’s work. Sander’s axes are included in the table for coms 
parison. 

Heim (1921, p. 82) further defines linear stretching as follows: 

“In many rock masses all cleavage or lamination surfaces reveal extension in @ | 
uniform direction giving rise to linear stretching (‘faser’) of components parallel 
to the dip of the cleavage plane. Each mineral grain, each petrifact, and each tiny 
irregularity is then stretched in the direction of c.” (Heim, 1921, p. 82.) 

Deformation of belemnites, fish, odlites, augen, and mineral grains al] 
confirm Heim’s contentions. Block diagrams, photographs, and sketches 
strikingly display lineation in c (a of Sander’s system) and leave no 
room for doubt of the validity of Heim’s contribution. 

Gefiigekunde der Gesteine (Sander, 1930) appeared 9 years later, and 
petrofabrics was immediately grasped by European geologists as a new 
tool in interpreting rock deformations. A revised nomenclature wag 
developed largely from fabric data. Heim’s conclusions were apparently 
masked by the new approach, and reference axes were redefined. Lins 
eation was now defined as parallel to the tectonic, axes of the regions 
studied. The present author does not intend to belittle the importaneg 
or character of Sander’s work, nor to disregard the possibility of elongas 
tion (lineation) in b. The important fact is that Sander’s recognition 
of lineation parallel to the fold axis has been widely accepted as a prin 
ciple to be applied to any rock type in all regions. Diagrams prepared 
from fabric analyses are often interpreted on the assumption that such 
a generality is a principle. A statement by Billings (1942, p. 347) reflect™ 
the attitude of many investigators: 


“That the lineation is perpendicular to the direction of movement is one of them 
fundamental tenets of structural petrology.” 

Lineation in a is a fact, yet it is seldom recognized as an important™ 
element. Sander describes lineation in a in conjunction with bc tension 
fractures which develop in shear zones: 


“where deformation is relatively rapid, severe, and rotation is unimportant.” (Fair 
bairn, 1942, p. 97.) 


Lineation in b involves the fold axis as: 


“an axis of bodily rotation around which the elements of the fabric have been 
rolled during the forward transport of material, the rolling movement involves 
a compression similar to the compression of dough in rolling a noodle. Therefore; 
this is an elongation of material in a direction normal to the movement of slip 
of material.” (Knopf, 1939.) 


Without close inspection, Appalachian structures seem to suggest #9 
situation similar to that found in the Alps from which Sander has de=™ 
scribed persistent lineation in b. Stretching in a is common in the folded@ 
Appalachians. Lineations are produced through extension of odlites and 4 
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fossils (Cloos, 1941; 1942) as well as quartz grains within the cleavage 
plane and perpendicular to b. Such lineations are sometimes described 
as “flow lines.” Balk (1937, p. 10) makes the distinction and proposes 
‘the term: 

“‘flow lines’ for all linear structures that are believed to have resulted from more 
or less viscous flow of magmas. The term, ‘linear stretching’, may be used wherever 
more or less plastic flow and deformation are referred to, such as in crystalline 
schists, slates, marbles, cataclastic gneisses, mylonites.” 

A detailed description of the development and texture of stretched quartz 
grains will be found in the section on Deformation and Recrystallization 
of Quartz. 

REGIONAL STRUCTURE 


The area occupies a major salient in the Appalachian system. The 
trend of the mountain axes swings from north-south in the western por- 
tion to nearly east-west in the northeastern portion of the area studied. 
This is shown schematically on the index map (Fig. 1) and is more 
accurately indicated by the attitude of fold axes on the structure map 


(Pl. 2). 
LOCAL ENVIRONMENTS 


Locality F 10-13 near Harpers Ferry, West Virginia, shows an over- 
turned fold in Elk Ridge. A verticai section through the thickest portion 
of the doubled beds is estimated at 200 feet. Inaccessibility prevented 
accurate measurement of possible thickening in the crest of the fold, and 
the strata are too massive to estimate any variation. 

Thickness measurements were made in all folds, but no variation 
from crest to limb was evident, and none should be expected from 
flexure folds. 

Chickies Rock on the Susquehanna River south of Harrisburg is a large 
tectonitic fold. The familiar but misleading photograph (PI. 4, fig. 1) 
commonly shown in geologic reports of the area indicates a beautifully 
symmetrical anticline; however, the fold plunges steeply eastward, and 
a series of prominent undulations on the northern limb disturbs the sym- 
metry and disrupts the bedding planes (PI. 4, fig. 2). Any attempt to 
measure variations in thickness therefore is useless. As at Harpers Ferry 
the horizons are massive and inaccessible. 

A large majority of tectonite localities consist of restricted outcrops 
showing portions of limbs or crests of folds of larger but indeterminable 
size. 

NONTECTONITES 


Table 3 lists the critical data pertaining to those specimens which fail 
to qualify as tectonites. The percentages listed under “composition” 
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and “per cent of quartz recrystallizing” were determined with the Went- 
worth integrating stage. On Plate 5, Figure 1 shows angular quartz in 
Romney sandstone. Figure 2 shows a calcite lens interlaminated with 
bands of subrounded quartz grains from the Conococheague limestone, 


Taste 3.—Microscopic data pertaining to nontectonites 


A Composition* Per cent Per cent 
es of quarts | masimum | 6% covered 
Qtz. Mica Cale. |Feld.etal] FeO lizing per cent over 3% 
33 89.2 14.0 4 
62 | 65.5 )....... 4.3 


* General headings to include: ‘“‘qtz.’’ (arenaceous), “‘mica’”’ (argillaceous), (calcareous), 
“Feld. et al.” (feldspar and detritals), ‘““FeO’”’ (iron oxide cement). 

Nontectonites include “pure’’ quartz rocks (specimens F 51B, F 28A, F 28C, F 31, F 52), argilla- 
ceous sandstones and quartzites (F 33, F 37, F 38, F 39, F 51A, F 54, F 61, F 62, F 66), and calcareous 
sandstones (F 36, F 60). Many of the rock types listed are somewhat arkosic. 


and Figure 3 represents calcite comb structure and the development of 
included fine-grained quartz as a lens in the Portage sandstone. 

Some evidence of recrystallization is seen in the quartz of every speci- 
men. The lowest percentage of affected quartz is 1.7; the highest is 29.3. 
The average, however, is less than 14. Maxima of 3 and 4 per cent 
appear consistently on the nontectonite diagrams. A planimeter meas- 
urement shows that an average of 0.16 per cent of the area of each 
diagram is covered by 4-per cent concentrations. 

An analysis of the significant maxima has made it possible to set 
a somewhat arbitrary limit of 0.5 per cent by planimeter measure below 
which a maximum can be considered truly random. 
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TECTONITES 
MEGASCOPIC IDENTIFICATION 


It is not easy to identify quartz tectonites in the field. Where elonga- 
tion ratios reach 3:1, however, the specimens reveal a distinct lineation 
parallel to a within the flow cleavage plane. In equigranular or fine- 
grained rocks lineation can be inferred only by recognition of strong flow 
cleavage in adjacent micaceous horizons or through association with struc- 


Taste 4.—Microscopic data pertaining to tectonites 


Composition in per cent 


Feld. 
et al. 


Per cent 

qtz. re- 

crystal- 
lizing 


Common 
max. ratio of 


elong- 
ation 


cut 


Largest 
max. 
per cent 


Per cent 
of area 
covered by 
maxima of 
more 
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6 needle 
quartz 
6 needle 
quartz 


LE. = insignificant elongation. 
8.C. = stretched clusters not measurable. 
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tures which may favor the development of a lineation through recrys- 
tallization. 
MICROSCOPIC IDENTIFICATION 

The specimens have been separated into two groups on the basis of 
microscopic evidence. The nontectonite group includes those relatively 
undeformed rocks which show no evidence of a secondary lineation. Tee- 
tonite specimens reveal a preferred linear direction of both the lattice 
and dimensional types. 

Those specimens whose texture reveals a dimensional parallelism of 
grains in the process of recrystallization are here classified as tectonites, 
The pertinent rock and fabric data are listed in Table 4. A Wentworth 
analysis of the 34 thin sections listed in the table reveals “pure” quartzites 
(F 10, F 12, F 24, Md 35, F 40, F 50, F 65, F 71, F 75, F 77, F 78, 206), 
argillaceous and micaceous quartzites (F 11, F 13, F 20, F 21, F 22, F 23, 
F 64, F 74, F 76), magnetitic arenaceous phyllites (Md 37), and a mica- 
rich arkose (H-107). 

A single analysis (F 20) shows granulation of less than 22 per cent 
of the available quartz. 

Evidence of stretching is seen in all tectonite specimens although the 
intensity differs. In some sections an elongation is apparent, but not 
sufficiently developed to permit measurement (F13B, F 20A, F 200, 
F 22A, F 22B). The feature becomes gradually more clearly defined and 


. reaches a maximum in F 24B where the ratio of elongation commonly 


reaches 5:1. Sections containing a invariably show a more pronounced 
stretching than that seen in bc cuts. 

Analyses of four tectonite specimens expose 6-per cent maxima (F 23, 
F 24, F 50), and only one shows a 4-per cent maximum of sufficient size 
to be considered significant (F 20). A planimeter measurement was 
made of all areas enclosed by 4-per cent contours. The average per cent 
of area covered by these concentrations of 4 per cent is 1.8, although the 
measurements reach a minimum of 0.08 per cent (F 12B) and an excep- 
tional maximum of 4.67 per cent (206C). 

TEXTURAL FEATURES 

Microscopic characteristics.—Quartz-rich tectonites (over 60 per cent 
quartz) reveal such a consistent and characteristic microscopic texture 
that a generalized description is a fairly accurate guide to their recog- 
nition. 

Tectonite quartz can be divided into five descriptive types: original 
grains, peripheral growth quartz, crush quartz, needle quartz, and re- 
crystallized quartz. 
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Ficure 1. SANDSTONE ANTICLINE IN 
SrLurIAN N1iAGARA SERIES 
From east bank of river 4% mile south 
of Great Cacapon, W. Va. Specimen 
locality F 33 A, B, C. 


a= Ficure 2. SYNCLINE IN ORDOVICIAN 
MARTINSBURG SANDY SHALE 

From north bank of Conococheague 

nt Creek 3 miles northeast of Upton, Pa. 

(Note hammer near trough of fold.) 


3, Ficure 3. SMALL OverTURNED 
ANTICLINE 

In Ordovician Martinsburg sandy 
as shale from 1.5 miles due south of Stone 
nt Bridge, (Mercersburg Quadrangle) 
Pennsylvania. 
he 
ont 
ire 


Ficure 4. Fotp Compiex IN SILURIAN 
Upper CLinvon FLaGGy SHALES 
nal On railroad cut near Pinto, Maryland. 
(Hammer and notebook show scale.) 


SMALL FLEXURE FOLDS IN NONTECTONITE AREA 
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Ficure 1. ANTICLINE OF CHICKIES QUARTZITE 


As seen from Hellam Point on the Susquehanna River. From Stose and Jonas (1939) by permission 
of State Geologist. 


Ficure 2. Strucrurav Deratts at Cuickies Rock 
Source same as Figure 1. 


CHICKIES ROCK, PENNSYLVANIA 
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Original grains are those discrete particles which have resisted defor- 


mation by fracturing and granulation. They commonly display strong 
strain shadows and dusty inclusions. Their borders are usually delin- 
eated by a rim of dust which suggests the etched and dirt-filled surface 


Ficure 3.—Stages in development of recrystallized fabric 

A. Mylonitized grains with crushed particles still strikingly optically uniform. The right 
half of the field portrays the effect in plane light; the left with crossed nicols. Flowage 
of material has progressed to the point where irregularities in adjacent grain boundaries 
and interstices between grains are filled with crush quartz. Specimen F 21. 

B. Peripheral growth quartz developed around well-rounded quartz grains set in a calcite 
matrix. No straining is apparent. Specimen F 59. 

C. Strained and stretched quartz grains with interstitial muscovite and crush quartz. 
“Tailed” grains are apparent as are partially annealed slivers of quartz. Specimen HF 12. 

D. Maximum stretching of granulated clusters. Crush quartz in lenslike attenuated 
stringers sometimes transgressing the entire slide. A metacryst of annealed quartz shows 
at the right (plane light). A gypsum plate reveals uniformity of color, signifying well- 
developed preferred lattice orientation in the grains of each stringer as well as in the 
metacryst. Specimen 206. 
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of the original detrital fragment. Grains show all gradations of round- 
ness and angularity. The texture is generally inequigranular since fine- 
grained crush quartz is a common associate of larger original grains or 
larger annealed metacrysts. Original grains are shown in various com- 
binations with other textural types of quartz in Figure 4 of Plate 5 and 
in Plates 6, 7, 8, and 9. Camera lucida drawings (Figs. 3a, b) also 
illustrate this feature. 

Peripheral growth quartz, a distinct and discernible textural type, 
constitutes a large proportion of the interstitial binding in the fabric, 
Absence of contamination and its restricted peripheral distribution are 
characteristic (Pl. 5, fig. 4). 

Crush quartz is a descriptive and genetic term used in this discussion 
to define granulated original grains. The shattering or crushing of 
quartz grains during movement produces an even-granular mat of equant 
and polygonal particles averaging 0.05 mm. in diameter. Such clusters 
retain for a time their original collective grain boundary (Fig. 3A, D; 
Pl. 6, fig. 1; Pl. 7). 

Needle quartz, early recognized and named by Sander, is bounded by 
plane surfaces and displays optical parallelism of those needles which 
have not suffered appreciable rotation since fracturing. The slivers 
constitute the major portion of the fabric in many cases with interstitial 
crush quartz usually a common associate. Lineation developed from 
slivering of the original grains is generally well defined. “Elongation” 
ratios of 3:1 are common but vary with the number of glide planes which 
take part in fracturing. The more glide planes per grain the thinner 
are the slivers and, therefore, the greater is the ratio of “elongation” 
(Pl. 8; Pl. 9, figs. 1, 2). 

Recrystallized quartz is the ultimate development of crush quarts. 
When the component parts of stretched clusters reach optical homo- 
geneity, the counterparts coalesce, and the individual crushed particles 
form a large elongated and annealed grain (Fig. 3C). Figure 2 of Plate 9 
shows recrystallized fabric in which a granoblastic texture is developed. 


FABRIC DIAGRAMS 


Quartz diagrams.—Partial diagrams were made for thin sections which 
showed an abundance of more than one quartz type. The majority of 
these represent textures in which original grains and crush quartz are 
common associates. Needle quartz, crush quartz, and original grains 
are associated in specimens F 64 and F 65. A special study was made 
of these sections, and 7 diagrams were prepared by measurement of 
2000 quartz grains. Composite diagrams were prepared for the majority 
of thin sections either from random or selective measurements. 
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FicureE 1. UNDEFORMED FEeRRUGINOUS SAND- 
STONE WITH ANGULAR QUARTZ GRAINS 


F 36 A, plane light (X14). 


FELLOWS, PL. 5 


Figure 2. Catcire Lens INTERLAMINATED 
WITH QuARTz-RicH BANDS 


F35 A. X-nicols (X15). 


Ficure 3. Comp DevELoPED IN 
Carcire with INCLUDED Fine-GRAIN 
QuARTz 


F 29, x-nicols, (17). 


TEXTURES OF NONTECTONITES 


Ficure 4. UNSTRAINED PERIPHERAL GROWTH 
QUARTZ 


F 60. X-nicols ( X43). 
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Ficure 1. Strain SHapows PAssING INTO Ficure 2. Crusu Quartz CLuster, PLANE 
PERIPHERAL GROWTH QUARTZ : Licut 
HF 10. X-nicols (X43). F 20 C. (X47). 


Ficure 4. READJUSTMENT WITHIN CRUSH 

Ficure 3. SAME AS FIGURE 2, UNDER X-NICOLS Quartz CLusTER 

Showing internal sutured boundaries. HF 10. 
X-nicols. (X44). 


TEXTURES OF GROWTH QUARTZ 
AND CRUSHED QUARTZ 
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Mica diagrams.—Three of the 16 mica diagrams represent orientation 
of sericitic muscovite which makes up the bulk of the groundmass of 
highly argillaceous sandstones. No neocrystallized micas are present. 
Maxima peaks for these sections are 12, 14, and 15 per cent. An aver- 
age maximum of 19 per cent is revealed in the mica diagrams of tectonite 
specimens. The highest maximum concentration of mica cleavage poles 
was 29 per cent and resulted from the measurement of 100 partially 
chloritized biotite flakes (H 107, Pl. 12). Two hundred muscovite flakes 
were measured from the same specimen. The positions of the maxima 
on the two diagrams are identical (PI. 12). 


Cumulative diagrams.—Diagram F 93 (Pl. 12) represents a plot of 
all maxima over 3 per cent related to fabric co-ordinates with the north 
end of b at the center of the net and the west end of a at the left. The 
collection of data is repeated in diagram F 94 (Pl. 12) for tectonite 
analyses only. The general picture from both analyses is similar. The 
effect produced by accumulated data seems to emphasize fabric charac- 
teristics that are scarcely noticeable in individual diagrams. An in- 
complete but clearly defined ac girdle appears with individual maxima 
generally congregated in the vicinity of the II-IV standard maxima 
positions. 

Diagram F 95 (Pl. 12) shows an accumulation of all maxima over 3 
per cent plotted into a plan view with north at the top of the net. Dia- 
gram F 96 (Pl. 12) restricts this cumulative information to tectonite 
specimens. The two diagrams show general similarities. A concentra- 
tion of maxima is shown in the southeast quadrant of the diagram. 


DEFORMATION AND RECRYSTALLIZATION 
EARLY EVIDENCE OF DEFORMATION 


The five types of quartz are found in all proportions depending on 
the degree of recrystallization. The order of recrystallization does not 
lend itself to sharp boundaries. Evidence of stress is apparent in rocks 
from nearly every locality. The first indication of deformation is seen 
in the development of peripheral growth quartz which fuses original 
grains. Figure 3B shows rounded quartz grains cemented by peripheral 
growth quartz. Quartz known to develop through precipitation from 
ground water cannot be considered evidence of deformation unless it is 
reasoned that stress on a rock mass will aid the percolation of ground 
water with the resulting precipitation of silica. Strain shadows are not 
apparent at this earliest stage (Pl. 5, fig. 4). As stress continues, strain 
shadows appear which pass uninterruptedly into the newly developed 
border zones of the original grains. 
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DEVELOPMENT OF CRUSH QUARTZ 


Undeformed quartz fabrics generally show random orientation of 
components. The vector properties vary with the crystallographic 
orientation of the quartz. Thus selective shattering develops in those 
grains which are unfavorably oriented with respect to the stress. Plate 
6 shows selective shattering with the production of crush quartz. Crush- 
ing then predominates through the fabric and leaves a minority of original 
grains as islands in a matrix of fine crush quartz. As the few grains 
which are least favorably oriented are crushed they relieve the stress 
somewhat by more efficient packing, thereby allowing the crushing to 
increase at a decreasing rate as more and more crush quartz is formed. 
In this way, the crush quartz has an effect similar to the shock-absorbing 
qualities of a calcite or mica matrix. Figure 3A shows a grain after 
granulation. The grain boundaries as seen at the right of the sketch 
(in plane light) are smooth and regular. At the left (under crossed 
nicols) “tailing” and straining is apparent. 

Moderately deformed rocks show clusters of crush quartz which tend 
toward optical homogeneity. However, the superindividuals act inde- 
pendently and give no suggestion of a common lattice orientation. To 
this point preferred lattice and dimensional orientations are sharply 
differentiated as factors which control the development of a tectonite. 
The distinction is lost, however, as deformation proceeds. A transitional 
stage is marked by an interdependence of the two factors in which case 
both contribute to the development of the tectonite. Preferred lattice 
orientation finally gains control as clusters merge and the texture be- 
comes granoblastic (Pl. 9, fig. 2). Cluster boundaries melt into the 
fabric, the grains become equant, and a general preferred lattice parallel- 
ism develops which is accentuated by the use of a gypsum plate. Figure 
3D shows the texture in a lattice-controlled tectonite. Optical parallel- 
ism exists not only within clusters but also between clusters. 

An appreciation of this relationship between lattice and dimensional 
control in tectonites is fundamental to the interpretation of statistical 
data. The relative importance of the two factors can be determined 
only by a regional quantitative study of recrystallization and flowage. 

Redistribution of crush quartz which accompanies continued or in- 
creased pressure appears to be controlled by two factors: (1) a tendency 
toward granoblastic texture both within the superindividual, and also 
with respect to the remaining uncrushed original grains; (2) a stretching 
in a in which the crushed particles within each stretched cluster tend 
toward an optical unity. 

Ernst Cloos (Chapman, 1942) investigated the relationship between 
preferred lattice orientation and grain shape in a highly deformed 
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“pseudomigmatite.” A comparison of these results with the results of 
this investigation shows how clearly a lattice-controlled tectonite can 
be differentiated from tectonites which depend only on parallelism of 
inequant fabric elements. Cloos found that the height of the maxima 
was influenced by the extent of elongation of the grains measured. Both 
elements were plotted into a maxima diagram, and concentration of the 
greatest ratios of elongation were superimposed on the quartz axes 
maxima. Such a correspondence is not found in the rocks here described. 
It is predicted, however, that such an index may be found useful in 
tracing the development of fabric from a preferred dimensional to a 
preferred lattice type. 

The terms “recrystallized” and “recrystallization” often lead to 
confusion. Both words are applied loosely in discussion dealing with 
deformation and metamorphism. Crush quartz is not recrystallized 
quartz; it is merely a stage in the development of recrystallization. 
Only thoroughly reorganized and annealed quartz should be referred 
to as “recrystallized.” Restriction in the use of these terms will allow 
more discrimination in textural studies and descriptions. 


NEOCRYSTALLIZATION 


The production of crush quartz in granulation allows migrating 
solutions to percolate through the rock. Thus recrystallization is 
aided by the presence of water, and neocrystallization is made possible 
by the introduction of mineral solutions. Neocrystallized muscovite, 
magnetite, and quartz are commonly scattered through crushed fabrics. 
The muscovite develops in cleavage planes of least resistance. Mica 
shreds encircle quartz metacrysts and are intimately mingled with 
quartz strands to form the tails of stretched grains. Magnetite is 
visible even megascopically as undistorted tetrahedra. Local growth 
textures develop where crystal faces of magnetite serve as basal planes 
for newly introduced quartz. Veinlets of quartz are found to transect 
all textures. 

Orientation of crushed particles is controlled largely by a reallot- 
ment of space to accommodate the’ pressure. As neocrystallization 
proceeds, the crush quartz begins a process of local coalescence, but 
there is no reason to assume physical rotation of crush quartz particles 
to produce optical homogeneity. The individual clusters will contain 
particles which stiil retain in large measure their optical unity even 
though some solid flow has occurred in the redistribution of components. 
The lower threshold at which solid flow first succeeds in developing a 
recognizable preferred orientation is largely determined by the extent 
and degree of recrystallization. 
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LINEAR STRETCHING 


Numerous instances (Pl. 7) show clearly the actual linear expansion 
to which stressed grains have been subjected. Often the result is g 
granulation of the original grain and the production of crush quartz, 
In some instances, however, the optically parallel portions of the original 
grain-are stretched apart and held intact by strands of quartz and 


Taste 5.—Relation of elongation ratios to orientation of cut 


Ratios of elongation in: 


Specimen 


* Insignificant elongation (not measurable). 


neocrystallized muscovite (Pl. 7, fig. 3). A characteristic feature of 
stretching is seen in “tailed” grains in which both ends of the affected 
grain are drawn out in both directions parallel to a to form tapering 


tails of quartz streamers and neocrystallized muscovite which join 
to form a stylolitelike intergrowth with the original grain (Pl. 7, 
figs. 1, 2, 4). 

Table 5 shows the variations in ratios of elongation in different cuts 
from one specimen. Those measured in ac or ab cuts (in which the 
full value of a is measurable) invariably show more pronounced linea- 
tion than be or random cuts. 

Elongation figures as listed in Table 4 are commonly exceeded in 
measurements of local extremes. Specimen 206 (Fig. 3D) shows single 
clusters which extend in narrow lensing streaks across the entire slide. 
Elongation ratios lose their meaning when individual crush quartz 
clusters become inseparable. More highly deformed tectonites of this 
type show a preferred lattice orientation. 


FRACTURING 
Development of fracturing is shown by incipient breaks suggested 
by offsets in strain shadows, partially separated couples, and isolated 


needles in Plate 8. 
The glide plane controlling a fracture can be determined by universal 
stage measurements. Reference elements are strain shadows which 
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Ficure 1. ““TarLep” C.Lusters or Ficure 2. ““TarLtep” or Crusu 
QUARTZ QuARTz 


F12A. X-nicols (x45). F 64.  X-nicols (X45). 


Ficure 3. TeExTuRE OF INTERGRANULAR SPACE Ficure 4. Borenm’s LAMELLAE ASSOCIATED 
AFTER STRETCHING wiTH “TAILED” GRAINS 


F 64. X-nicols (X31). F 21 A. xX-nicols (X40). 


“TAILING” AND STRETCHING IN 
TECTONITES 
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Ficure 1. ELONGATION OF QUARTZ PRODUCED Ficure 2. INctprENT FORMATION OF NEEDLE 
BY FRACTURING Quartz In LARGE ORIGINAL GRAIN 
F12A. X-nicols (X16). F 52.  X-nicols (X13). 


Ficure 3. Quartz Stivers PARALLEL TO MICA Ficure 4. INcipreNT FRACTURING PARALLEL 
Sureps MuscoviteE Scuist to STRAIN SHADOWS 
Md. 37. X-nicols (X15). F 12B. xX-nicols (X49). 


FRACTURING IN TECTONITE FABRICS 
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develop parallel to the optic axis of the grains and Boehm’s lamellae 
which form parallel to the base (0001) (Hietanen, 1938). Figure 1 
of Plate 9 shows the relations between fracturing, strain shadows, and 
lamellae. 

Eleven grains were measured on the universal stage and produced 
an average angle of 36 degrees between the c axes and the fractures. 
This corresponds closely with the angle of 38°13’ given by Dana for 
mr (1010-1011) (Ford, 1932). Therefore, needle quartz developed in 
the rocks has been produced by gliding along rhombohedron planes. 

Grains may rotate until a crystal glide plane parallels the direction 
of shear, although evidence for such rotation is largely inferential. 
Thin-section study suggests that such fracturing could oceur without 
rotation. The fracture hypothesis recognizes a number of glide planes 
in a crystal along which movement may take place in response to a 
nonrotational stress. A crystal oriented so that one of the possible 
glide planes parallels or nearly parallels the direction of maximum 
stress theoretically can fracture along that plane, whereas grains with 
no favorably oriented glide plane will be granulated. 

Crush quartz may form under almost any condition where stress 
exceeds strength. Original grains which fracture into needles seem 
to require either preferred crystallographic properties or preferred di- 
mensional arrangement in a fabric and probably both. Quartz needle 
tectonites are not common in the area. Specimens F 64 and F 65 are 
from localities along the northwest slope of South Mountain. Intense 
stretching and thrusting toward the northwest is in evidence, but at 
these localities the maximum movement may be localized in thrust 
planes. The evidence is inconclusive but suggests that local structural 
environments may influence the mode of deformation of quartz. 


ANNEALING RECRYSTALLIZATION 


Annealing of crush quartz clusters into truly elongated entities repre- 
sents a late stage of recrystallization. ‘Annealing recrystallization” 
has been suggested by Fairbairn (1942, p. 54-55) to describe metal 
fabrics. The above discussion concerning rock fabrics should be con- 
sidered supplementary and not contradictory to those qualifications 
listed by Fairbairn for metals. 

Coalescing and annealing of needle quartz produces elongation in 
which the needle axis is often 12 times the length of the short axis. 
The amount of extension depends on how many end-to-end attachments 
are made. Figure 3C shows an end-to-end attachment of two needles 
with the joint between them partially annealed. 
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Newly formed muscovites may be trapped within a recrystallizing 
quartz grain especially near the tapered ends where quartz strands and 
micas are most easily coalesced. 
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Ficure 4—Frequency-distribution histogram showing relative importance of 
standard maxima positions 


PETROFABRICS 
DEVELOPMENT OF MAXIMA DURING DEFORMATION 

The fracture hypothesis developed by Griggs and Bell (1938) has 
received wide recognition. Fairbairn (1939, p. 1490) suggests that “All the 
known quartz maxima in tectonites may be correlated with the fracture 
hypothesis.” 

Inasmuch as the tectonites under discussion are metamorphosed less 
than those usually discussed in studies of this kind the results are not 


. 
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strictly applicable. However, there appears to be scattered evidence 
to support fracturing. Fairbairn (1939, p. 1485) has proceeded beyond 
Sander’s conclusion concerning formation of needle quartz and has 
developed by experiment a probability series based on lattice-structure 
studies. He lists the possible directions of fracture within the crystal 
in the order of decreasing probability on the basis of the possible 


TasLe 6.—Expected frequency of occurrence of known quartz maxima 


most probable—maxima positions I, IV, VI 
less probable—maxima position III 
still less probable—maxima position II 
least probable—maxima position V 


glide planes and the differential ease of movement along them. In 
addition Fairbairn has outlined a series for the probable occurrence 
of standard maxima positions which correspond to the controlling glide 
planes. Table 6 is fashioned from Fairbairn’s article and indicates 
the sequence in decreasing order of probable maxima positions based 
on the fracture hypothesis. These maxima positions are nearly the 
same as those in Fairbairn’s revised set (1942, p. 67) (Pl. 12, F 97) 
except that Fairbairn has abandoned position VI by combining it 
with IV. 
FRACTURING VERSUS GRANULATION 

Little confidence can be placed on the correspondence of quartzite 
maxima to those of the standard set. The majority of tectonites 
studied were granulated rather than fractured and no consistent position 
of maxima is revealed. Figure 4 is a frequency-distribution histogram. 
The frequency of occurrence of 3-, 4-, 5-, and 6-per-cent maxima is 
plotted above the standard maxima position to which each is related. 
The circled numbers refer to percentage of axes concentration. The 
hachured blocks represent close correspondence of maxima with standard 
positions; the white blocks refer to maxima that diverge from 10 to 20 
degrees from a standard position. A separate column labeled “N.C.” 
illustrates those maxima positions for which there are no corresponding 
standard positions. 

The apparent dominance of positions II and IV reflects the rhombo- 
hedral glide planes in the needle quartz specimens F64 and F65. 
These two sections have contributed four number II maxima and five 
number IV maxima. 

Maxima which cannot be correlated with any standard position out- 
number those which correspond closely. This plus the possibility of 
correspondence by chance precludes the interpretation of crush quartz 
maxima according to the fracture hypothesis. 
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IMPORTANCE OF SELECTIVE MEASUREMENTS 


Not all rock flowage leaves traces that are legible in a fabric 
diagram. Selectivity in measurement is the most important single 
factor in determining what fabric pattern will result. Any of three 
general pattern types can result from an analysis of a recrystallizing 
rock: (1) Random measurement of any and all grain types will result 
in a completely random distribution of points even though lineation 
is apparent (note partial diagrams for F 64 on Pl. 12); (2) a random 
selection of crush quartz particles from the entire section may result 
in a few minor maxima (4 or 5 per cent), the height of maxima 
increasing with more measurements made on grains of any one super- 
individual; (3) a series of selective measurements of crush quartz com- 
prising only a few clusters will result in higher yet unrelated maxima. 
As crush quartz begins to coalesce, the number of grains available for 
selective measurement in any one cluster is reduced with a correspond- 
ing decrease in the height of maxima obtained. This fusion of crush 
quartz particles within a cluster is shown on Figure 1 of Plate 9. There- 
fore up to this point in the development of a tectonite the maxima 
percentages will increase with granulation and decrease with annealing 
recrystallization. Figure 1 of Plate 9 shows a recrystallized fabric 
in which granoblastic texture is developed. Thus the validity of the 
interpretations of such diagrams is a function of the degree of selec- 
tivity in measurement. Diagrams prepared by independent investi- 
gators are hardly comparable unless they are accompanied by detailed 
quantitative data and strict definitions of grain types measured. 


EFFECT OF ROCK COMPOSITION ON FABRIC PATTERNS 
Evidence of rock flowage is often obscured or distorted by com- 
positional changes. A high clay content may alter the mode of accom- 
modation of quartz grains to stress and thereby prevent the develop- 
ment of lineation. Specimens F 37, F 38, and F51A (Table 3) show 
the effect of an argillaceous matrix on stressed quartz grains. Granu- 
lation exceeds 22 per cent of the total quartz in each case, but no 
linear stretching is apparent, and the rocks are therefore classed as 
nontectonites. Texture is conditioned by composition, but not always 
in similar fashion. Specimen F20 (Table 4) contains 34 per cent 
large quartz grains scattered through a fine-grained matrix of chlorite, 
magnetite, feldspar, and calcite, with a small amount of eryptocrys- 
talline quartz as a binder. This matrix rigidly controls the granulation 
of original quartz grains. Only 9 per cent of the quartz shows effect 
of granulation, although lineation is sufficiently prominent to class the 
specimen as a tectonite. 
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1a Ficure 1. Fracrurep GRAIN Ficure 2. GRANOBLASTIC TEXTURE CHARAC- 
1g With strain shadows, Boehm’s lamellae, and TERISTIC OF COMPLETELY RECRYSTALLIZED 

x fracturing developed along a rhombohedral Quartz 

plane. F 65. X-nicols (35). F 74. xX-nicols (45). 


10n Figure 3. “ANNEALING RECRYSTALLIZATION” Ficure 4. Crush Quartz CLusters SHOWING 
fect BETWEEN ORIGINAL GRAINS AND CRUSH Loca Fusion oF PARTICLES 


Quartz CLusTERS F 50 A. X-nicols (X17). 
the F 40 A. X-nicols (X17). 


FRACTURING, STRAINING, AND 
RECRYSTALLIZATION OF QUARTZ 
GRAINS 
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DEVELOPMENT OF A PREFERRED ORIENTATION 


The development of a preferred orientation parallels the progress of 
recrystallization. As seen in Tables 3 and 4 all quartz-rich rocks which 
reveal a dimensional parallelism have undergone sufficient deformation 
to cause partial or complete recrystallization of at least 22 per cent 
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Ficure 5.—Relation between percentage of recrystallizing quartz and ratios of 
elongation 


of the quartz. However, the per cent of recrystallizing quartz bears 
no relation to the percentage of quartz axes concentration. Extreme 
cases might be cited: 50.4 per cent of the quartz in specimen F 71 has 
become partially recrystallized, yet no more than 2 per cent maxima 
are developed (Pl. 12, F71 a and b). Conversely, in F 23 where only 
23.5 per cent of quartz is in the process of recrystallization there is a 
6-per-cent maximum developed (PI. 11, F23Ca). 

The relationship between percentage of granulated quartz and the 
appearance of a preferred dimensional arrangement of clusters is 
measurable, and it is possible to set a fairly well-defined boundary 
below which lineation is not apparent and above which it becomes 
measurable. 

The tectonite-nontectonite boundary can be drawn clearly (Fig. 5). 
The graph shows per cent of granulated quartz plotted against elonga- 
tion ratios. Measurement of parallel elongated grains provides a means 
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of expressing lineation quantitatively. The graph shows 22 per cent 
as the limit above which lineation becomes apparent. 

Fairbairn (1942, p. 22-23) presents diagrams to illustrate an instance 
where “recrystallized quartz” (crush quartz?) of the groundmass showed 
a lattice orientation identical to the larger “undulatory grains” (origi- 
nal grains?). Selective measurements were made of different grain 
types in numerous slides of the collection under discussion (F 20C, 
F 23, Md 35, F 40, F50, F53, F 64, F 65, F 71, F77, F 78). Only one 
set (F 40) from this series of partial diagrams shows a similar location 
of maxima. Though similar, the maxima are unrelated to any rotation 
axis or standard maxima position. Thus the need for careful discrim- 
ination of textures becomes apparent in relation to the validity or 
significance of fabric interpretations. 

Figure 3 of Plate 9 shows clearly the interrelation between crush 
quartz and original grains. The uniform birefringence of the original 
grain and a large number of crush quartz particles indicates the former 
optical homogeneity of the two quartz types. Thus partial diagrams 
prepared from each quartz type should and do reflect this significant 
texture. 

DIMENSIONAL AND LATTICE-CONTROLLED FABRICS 

The relative importance of dimensional and lattice-controlled fabrics 
can be determined by a quantitative measurement of recrystallization and 
flowage. A tectonite is first dominated by a preferred dimensional orienta- 
tion which involves mechanical crushing and stretching. Preferred lattice 
orientations overlap and supersede the dimensionally controlled tectonites. 
The height of maxima, which represent lattice parallelism, increases with 
the development of recrystallization and flowage when measurements are 
selective. Thus the transition from a quartzite to a quartz schist shows a 
parallel transition from dimensional to lattice control of preferred orienta- 
tions. Evidence is abundant from closely controlled and detailed studies 
of texture in relation to fabric patterns. 

Weak maxima as well as unrelated fabric patterns prepared from two 
cuts of the same specimen (e.g., F 24A,B) indicate a general lack of optical 
parallelism. On the other hand, marked similarity exists in the fabric 
patterns of three mutually perpendicular cuts from a quartz schist (206A, 
B, and C) and thus clearly indicates the dominance of lattice-controlled 
orientations in more strongly deformed rocks. 

A study of recrystallization observed in the Appalachian quartzites 
seems to confirm Fairbairn’s prediction (1942, p. 81) that “annealed rock 
fabrics should show inequant grain shape and possible dimensional 


orientation.” 
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INTERPRETATION OF DIAGRAMS 
Discussion of special features—Diagram F 11 B (PI. 11) represents 
a depositional fabric of fine-grained muscovite. Its presence in the 
bedding plane of a tectonite indicates that quartz reacts to deforma- 
tion earlier than mica. 


Tas_e 7.—Fabric data pertaining to needle quartz tectonites 


Num- ; High- % area covered % concentrations occurring in 
Grain ber est by max. of standard maxima positions 
type meas- | max. 
ured % 
4% 5% 6% | 1 IV | V [VII |NC* 
Ken parallel 5 5? 
100 6 | 1.4 | 0.48 | 0.12 4 4? 4,6 
4,4 
F 64 | Original 100 5 0.72 | 0.35 4 5 5 4,4 
crush quartz** 300 3 
undifferentiated 500 2 
slivers parallel 
to‘a’ 300 6 1.4 0.39 | 0.04 6? 5 
F 65 | random oriented 
slivers 200 5 0.39 | 0.06 5? | 4 4, 
undifferentiated 500 3 


*No corresponding position for quartzite maxima. 
** Measurement of a majority of grains in any one superindividual carefully avoided. 


Diagram F 22 A and B (Pl. 11) show maxima reaching 5 per cent. 
The analysis of these specimens (Table 4) shows 22.5 per cent of the 
quartz in the process of recrystallization. A study of the texture sug- 
gests a tendency toward inequant but random orientation of grains. It 
is a border-line case and included with the tectonite group only because 
of the advanced stage of recrystallization and the preferred lattice orienta- 
tion indicated by the 5 per cent maxima. These concentrations should 
be discounted, however, on the basis of insufficient evidence because 200 
grains (F 22 A and 250 (F 22 B) cannot be considered representative 
from a texture of crush quartz and original grains where measurement 
was not selective. 

Diagram F 23 B (Pl. 11) represents the random (3 per cent) dis- 
tribution of quartz axes in the ac plane. F 23 C is parallel to the ab 
plane and shows a 6-per cent maximum. Granulation and stretching 
are more in evidence in the ab cut to explain the increased maximum 
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quartzite and known maxima. 
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TaBLe 9.—Summary of fabric data pertaining to tectonites 


TEcTONITE ANALYSES 


Spec. and 
diagram 
number 


“eut” 


Type of grains measured 


Per cent of net surface 
covered by maxima of: 


Position of maxima 
(above 3% concentration) 


4% 5% 6% 


HF 10 
HF 11B 


quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—small........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—small........ 
quartz—large........ 
quartz—large........ 
quartz—large........ 
quartz—small........ 
quartz—large........ 
quartz—large........ 
quartz—small........ 
quartz—large........ 
quartz—small........ 
quartz—large........ 
quartz—small........ 
quartz—large........ 
quartz—small........ 
quartz slivers........ 
undifferentiated qtz... 
parallel elong. qtz.... 
random elongate qtz. . 
undifferentiate qtz.... 
quartz—large........ 
quartz—small........ 
MUSCOVIS. 
quartz—large........ 
muscovite. .......... 
quartz—small........ 


muscovite........... 


quartz—large ........ 
quartz—large........ 
quartz—small........ 
muscovite....:...... 
quartz—large........ 
quartz—small........ 
muscovite........... 
quartz—large........ 
muscovite........... 
chloritic biotite....... 
quartz—small........ 
quartz—small........ 
quartz—small........ 


Ul IV Vv Vil 


Largest 
mica 

maxima 
N.C. 
28 
25 


* No correspondence between quartzite and known maxima. 


Number 
meas- 
ured I II vm a 
HF 11B | ac | 200 | 
HF 12B | be | 350 | 
F 22B | ab | 250 | 
| 4.14 | 0.81 | 0.25 |.....] 6? | 4 
Md 35 ac 300 | 
Md 35 ac | 300 | @ 
F40A | ac | 300 | 0.33 [0.10 
ac | 1.40 | 0.39 | 0.04 |.....| 6? 
F 71 ac | 350 
F 77 ac | 350 
206 B be 300 | 3.74 | 1.10 | 0.10 
206C | ac | 300 | #67 1.20 | 0.21 
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Dpercentage of concentration of axes. Growth of quartz around mag- 
Mwetite metacrysts also confuses the picture since the quartz axes are con- 
Mtrolied by the position of the magnetite crystal faces on which they grow. 

Specimen F 24 Ab (Pl. 11) shows a 5-per cent maximum attributable 
to the nearly complete breakdown of the original grains into a mosaic 
of crush quartz. Poor selectivity resulted in an overabundance of meas- 
urements of grains from a single crush cluster with the resulting develop- 
ment of misleading and meaningless maxima. 

Specimens F 64 and F 65 (P\. 12) were reserved for a selective study 
since numerous quartz types were present in the textures. Needle quartz 
is prominently developed in these specimens. Table 7 shows the decreas- 
‘ing series of maxima percentages which closely conforms to what should 
be expected with the corresponding quartz types. The close parallelism 
in fabric between needle quartz in both rock specimens is striking not 
only in the comparable planimeter measurements of areas covered by 
maxima but also in their common correspondence to the standard maxima 
position IV. Fairbairn’s list of expected frequencies of maxima occur- 
rence (Table 6, p. 29) includes Maximum IV as one of the most likely to 
occur and relates the deformation to slip along rhombohedral planes. 

Diagram F 71 (P1. 12) is included with the tectonites, yet the analysis 
shows the least lattice parallelism of any rock in the entire collection. 
Two-per cent maxima were obtained for measurements of 350 original 
grains as well as 400 crush quartz grains, indicative that superindividuals 
react to stress as independent clusters rather than in the uniform manner 
suggested by more highly deformed types. Selection of grains for meas- 
wement was on an apportioned basis in order to obviate any tendency 
to dwell on any one cluster of crush quartz. 

Diagrams 206 A, B, and C (P1. 12) are prepared from analyses of the 
most highly deformed rock in the series. It is a quartz schist and thus 
Bnot directly comparable to the quartzite fabric.patterns. The pre- 
ferred orientation is due to lattice parallelism and represents a deforma- 
tion stage far beyond that of the quartzites in which dimensional paral- 
klism controls the pattern. All three diagrams from the schist show re- 
stricted ac girdles with maxima in the vicinity of a. Two 6-per cent 
and one 4-per cent maxima represent the peaks of concentration. 


Cumulative diagrams.—Cumulative diagrams emphasize general tend- 
encies which are often obscure in any single diagram. F 93 and F 94 
(Pl. 12) reveal an ac girdle with a concentration of maxima near the 
Known positions II and IV. The author attaches a special significance 
© the girdle. Similar girdles are commonly known from analyses of 
highly deformed schists and gneisses and are usually associated with 
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preferred lattice orientations. The Appalachian quartzites show a gen- 
eral absence of lattice parallelism in their fabrics; therefore the appear- 
ance of an ac girdle in a cumulative diagram strongly suggests the 
transitional nature of fabric development. The transition from dimen- 
sionally controlled tectonites to those with lattice parallelism is a result 
of increasing deformation. 

Diagrams F 95 and F 96 (Pl. 12) show a general accumulation of 
maxima in the southeast quadrant of the net. Such a concentration seems 
to conflict with the evidence, since no concentration of maxima should 
result where preferred dimensional orientation dominates. On closer 
examination this discrepancy dissolves since 9 out of the 20 maxima 
in the southeast quadrant are traceable to fracture-controlled tectonites 
where needle quartz is abundant. Fracturing has produced a lineation 
in which the elongated grains are bounded by rhombohedral glide planes. 
Therefore the lineation (a) can be interpreted from the diagram as 
lying on a circle 38 degrees from the greatest concentration of maxima. 
Lineation cannot be determined accurately since it is not known which 
rhombohedron plane is responsible for the glide. The attitude of linea- 
tion, however, will be represented by a point on a circle 38° 13’ away 
from the center of the concentrated maxima. Nearly any point on such 
a circle would still fall in the southeast quadrant, thereby supporting 
the fact that field measurements of lineation indicate a southeast strike 
for this structure. 


Nontectonite diagrams.—Maxima of 2, 3, and 4 per cent characterize 
the remaining diagrams. Their significance lies in their general lack 
of “character.” The transitional development of fabric types becomes 
apparent only when both extremes of deformation are analyzed along 
with the intermediate stages. Three-per cent concentration of axes is 
generally considered: worthless in an analysis; however, it may be sig- 
nificant if detailed textural features are noted and if the investigator 
makes accurate and selective measurements. Under these conditions 
numerous small maxima may indicate a granulation in the fabric long 
before extension of clusters has produced a tectonite. 

Special attention is drawn to nontectonite diagrams, F 28 A-2, F 29, 
F 31 A, F 33A-1, F 37-A, F 38C-1 and F 66 (PI. 10), which show 
average granulation of over 16 per cent of the available quartz. Four- 
per cent maxima are developed in each case. Random measurements 
and poor selectivity could easily account for these maxima which, al- 
though random, take on a_ possible new significance in the light of the 
present discussion. 
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Number and type of 
grains measured Contours in percent Locality 


300 large quartz 1-2-3 
300 large quartz 1-2-3 
300 large quartz 1-2-3-4 South of Junction, W. Va. 


Gap, W. Va. 


225 large quartz 1-2-3-4 Gaudy’s Castle, W. Va. 
300 large quartz 1-2-3-4 


300 large quartz 1-2-3 | 


Great Cacapon, W. Va. 
300 large quartz 1-2-3 


300 large quartz 1-2-3 
300 large quartz 1-2-3 
300 large quartz 1-2-3 
300'large quartz 1-2-3-4 McCoy's Ferry, Md. 
300 large quartz 1-2-3-4 Om 
300 large quartz 1-2-3 Om 
300 large quartz 1-2-3 Om 
100 muscovite 1-3-5-10-15 Om West of Williamsport, Md. 
330 large quartz 1-2-3-4 Om 
300 large quartz 1-2-3 Om 
100 muscovite 1-3-5-10-12 Om 
400 large quartz 1-2-3 St 

400 large quartz 1-2-3 St 


400 undifferentiated 1-2-3 Ch Reading, Pa. 
quartz 
400 large quartz 1-2-3 Om 
Straustown, Pa. 


350 small quartz 1-2-3 Om | 
420 large quartz 1-2-3 

100 muscovite 1-3-5-10-14 
400 large quartz 1-2-3 Fox Run School (Tyrone 

Quad.) Pa. 

420 large quartz 1-2-3 McKee’s Gap, Pa. 
400 large quartz 1-2-3 East of Loysburg, Pa. 
400 targe quartz 1-2-3 Pa.- Turnpike-Sideling Hill. 


North of McCoy's Ferry, Md. 


Pa, 


Mmc 
North of Dauphin, Pa. 
Mmc 


400 large quartz 1-2-3 * Turnpike near Carlisle, 
a. 

400 large quartz 1-2-3-4 North of Bellefonte, Pa. 

Scheme to show orientation of arrows in diagrams. 


Equal area net. 


Sm—Medina ss.; Dp—Portage ss.; Do—Oriskany ss.; Sn—Niagara Series; Cc—Conoco- 
limestone; Dr—Romney shale; shale; St—Tuscarora ss; 
Ch—Hardystone quartz; Mmc—Mauch Chunk series; Cm—Mines dolomite; Oc— 
Chambersburg shale. 


FIA 

F33B-1 

F33B-2 

F35A 

F35B 

F38A-1 

F38B-2 

| F38C-la 
F38C-1b 4 
4 F39Aa 
F39Ab 
F5IA 

F53b 
F54a 
F54b 
F59 

F62 
F63 
F98 
F99 4 

. — 
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The reader should realize that no attempt is made here to interpret 


3. and 4-per cent maxima in relation to the mechanics of deformation. | 


Such an attempt would be hazardous in the light of present knowledge. 
The significance lies in exposing early stages of deformation by recog- 
nising the relict optical parallelism of granulated and clustered particles. 

Rocks in which the development of peripheral growth quartz is the 
only indication of dynamic activity produce a fabric that reveals nothing 
that can be used in the interpretation of texture. Specimens F 35, F 39, 
P51, F 52, F 53, F 54, and F 59 (Pl. 10) fall in this category and 
show an average of 11 per cent of the quartz developed as peripheral- 
growth material. 

DISTRIBUTION OF TECTONITES 
TRANSITION ZONE 


Distance from source of pressure—The boundary ‘zone between sub- 
tectonites and tectonites can be delineated in the folded Appalachians 
from a study of the data here presented. However, the relative im- 
portance of age (depth) and distance from the source of pressure as 
factors controlling the location of such a zone remains obscure. The 
qritical localities which limit the zone are few and widely separated. 
The result is a schematic rather than an accurate plot of such a zone into 
amap (Pl. 2). 

As shown on Plate 2, the zone is about 10 to 20 miles wide and lies 
west and north of Elk Ridge and South Mountain in Maryland and 
south-central Pennsylvania. It continues eastward conforming to the 
trend of the mountain axis. Reference points along its path are Wil- 
liamsport and Hagerstown in Maryland and Chambersburg, Carlisle, 
Harrisburg, Lebanon, and Reading in Pennsylvania. 

The arcuate character of the zone is concentric around Baltimore 
Which is approximately the pivot of the salient are. As such the dis- 
lance from the origin of pressure could be considered the controlling 
element in locating the zone. 


Age of tectonite horizons.—The general strike of the strata parallels 
the arcuation and therefore brings beds of similar age to the surface at 
all points. Thus depth of deformation which may be indicated by age 
ig a possible controlling element in the location of the transition zone. 

The presence of one questionable tectonite specimen from the Silurian 
Tuscarora horizon (F 22) may place extra weight on the element of 
distance from source of pressure. The author prefers to leave the ques- 
tion open. Regardless of the controlling elements, the zone can be 
traced and therefore is useful as a guide to determine the history of 
deformation in the central Appalachians. 
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SUMMARY AND CONCLUSIONS 


Numerous exhaustive reports have appeared in English since Knopf’s 
Petrotectonics (1933) was published. Most of these studies deal with 
the interpretation of quartz fabrics developed from highly deformed 
schists and gneisses, whereas this investigation deals with quartz-rich 
rocks which are loosely referred to as “unmetamorphosed.” 

The results here obtained have made it possible to place a transitional 
boundary through the deformed central Appalachian area which divides 
nontectonitic rocks from those in which a deformation pattern can be 
deciphered. The meaning of fabric analyses of quartz-rich sedimentary 
rocks becomes clearer gradually from west to east in the central Ap- 
palachians. Those specimens collected from localities west of the transi- 
tional zone show no preferred orientations and are therefore of interest 
only for the light they shed on the early stages of the recrystallization 
process. Preferred orientations are first developed within the transition 
zone which might be called a tectonite frontier. Eastward from this 
zone dimensional orientation is superseded by lattice parallelism which 
reaches an extreme in the highly deformed and most ancient quarts 
schists of the eastern Piedmont. 

The amount of quartz which is granulated during deformation may be 
used as an index to the development of a tectonite. If 22 per cent of the 
quartz in a quartz-rich fabric is granulated, a preferred dimensional 
orientation may develop; however, such a generality cannot be applied 
to “impure” quartzites since the strength of the fabric will be altered, 
and a different mode of accommodation to stress will result. 


COMPLICATING FACTORS WHICH INFLUENCE THE VALUE OF 
PETROFABRIC ANALYSES OF QUARTZITES 

(1) The fabric pattern varies with the ability of the ‘ndividual to 
make selective measurements and to interpret textures correctly. 

(2) Predepositional history of the individual grains produces a dif- 
ferential strength to resist deformation. 

(3) A more complicated postdepositional history is shown by beds 
of increasing age in a rock series, the oldest showing the most extreme 
tectonitic characteristics. 

(4) Localized and widespread development of late introduced quarts, 
which occurs as growths around metacryst nuclei, leads to confusion 
in the interpretation of a diagram. 

(5) The fabric pattern varies with the type of effective metamorphism 
(load or dynamic). 
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HFIO 400 large quartz «1-23 

HF11Ba 200 muscovite 1-3-5-8-11 Cw 

HF11Bb 300 large quartz 1-2-3 Cw 

HF11C 300 large quartz 1-2-3 Cw Harpers Ferry (Md. side) 
HF12A 400 large quartz 1-2-3 Cw 

HF12B 350 large quartz 1-2-3-4 Cw 

HF13A 340 large quartz 1-2-3 Cw 

HF13B 200 large quartz 1-2-3 Cw 

F20A 320 large quartz 1-2-3-4 Ca 

F20Ca 225 large quartz 1-2-3 Ca ae of Rouzerville, Pa. 
F20Cb  300small quartz _—1-2-3-4 Ca 

F21A 300 large quartz 1-2-3-4 Cw of 
F21B_ 225 large quartz 1-2-3-4 Cw Narrows). 

F22A 200 large quartz 1-2-3-4-5 St 
F22B —s- 250 large quartz 1-2-3-4-5 St tower). 

F23B =. 300 large quartz 1-2-3 Cw 

F23Ca_ 150 small quartz 1-2-3-4-5-6 Cw Summit, Hwy U. S. 40. 
F23Cb 300 large quartz 1-2-3 Cw 

F24Aa 100 muscovite 1-5-10-15-20-25-28 Cw ) 

F24Ab 500 large quartz —_‘1-2-3-4-5 Cw 

F24Ba 100 muscovite 1-3-5-10-15-20-23 Cw | 

F24Bb 500 large quartz 1-2-3 cw | 

Md35a 300small quartz 1-2-3-4 Qtz Creek, ta. 
Md35b 300 small quartz 1-2-3 Qtz 

Md37 400 large quartz 1-2-3 Cl Mt. near Salaman- 
F40Aa 300 large quartz 1-2-3-4 Ch 
F40Ab 300 small quartz 1-2-3-4 Ch j 

F50Aa  400small quartz 1-2-3 Cc ) 

F50Ab 300 large quartz 1-2-3-4-5 Cc ae Rock, Pa 

F50Ba 300 large quartz 1-2-3-4-5 Cc | 

F50Bb 400 small quartz. 1-2-3 cc 
of Arendtsville, Pa 
F64b 100 large quartz 1-2-3-4-5 Cw if : 


Cw—Weverton qzt.; Ca—Antietam qzt.; St—Tuscarora ss.; Qtz—Quartzite lentils in vol- 
canics; Cl— Loudon qzt.; Ch— Harpers phyllite; Cc—Chickies qzt.; Csl—Sugarloaf qzt.; 
Cogl—Cardiff congl.; Was—Wissahickon schist 
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(6) Development of recrystallization from crush quartz to annealed 
gains reduces the maxima percentages obtainable from random meas- 


urements. 
(7) Thin sections of crush quartz derived from one or two original 


grains will produce much larger maxima than those of crush quartz 


from numerous originals. 

(8) Thin sections including the a fabric axis will make available for 
measurement a maximum number of crush particles from one individual 
and thereby give a different fabric pattern from a bc section. 

(9) Compositional variations, even within the area of a thin section, 
will increase or reduce the development of preferred dimensional orienta- 


tion. 
(10) Structural environment will control the type of applied stress 


affecting the rock. Correspondingly different fabric patterns result. 
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Diegram | Number and type of re 
number | grains measured Contours in percent | 9 | Locality 


F64c 125 muscovite 1-3-5-10-15-19 Cw ) 


F64d 100 quartz slivers  1-2-3-4-5-6 Cw | West of Arendtsville, Pa. 
F64e  S00undifferentiated 1-2 cw 

qtz. 
F65a randomelonga- 1-2-3-4-5 Cw 

ted qtz. 
F65b 1-2-3-4-5-6 Cw of Gettysburg, Pa. 
F65c 500undifferentiated 1-2-3 Cw | 

qtz. ) 
F7la 350 large quartz 1-2 Csi ) 
F71b 400 small quartz. 1-2 Cs! |-Sugarloaf Mt., Md. 
F7lc 150 muscovite —*1-3-5-8-10 cst) 


1-3-5-10-14 cis) 


200 muscovite 
» Point of Rocks, Va. 


F74b 400 large quartz 1-2-3 C 
F75a 100 muscovite 1-3-5-10-15-20-23 Cw ) 

West of Pt of Rocks, Md. 
F75b 400 small quartz 1-2-3 Cw 


125 muscovite 1-2-5-4-8-12-16 \ Catoctin Mt. (Step Crk. 


300 large quartz 1-2-3 Cw 
1-3-5-10-14 
F77b 400 small quartz 1-2-3-4 Qtz -Libertytown, Md. 
F77c 350 large quartz 1-2-3 Qtz 

1-3-5-10-16 Qtz ) 
F78b 200 large quartz 1-2-3-4 Qtz >Linganore Creek, Md. 


400 small quartz ‘1-2-3 Qtz / 


100 muscovite 


100 muscovite 


400 large quartz 1-2-3 Cegl ) 
| 

H107b 200 muscovite 1-3-5-7-8-10-12 Ccgl >Peach Bottom, Pa. 

H107c 100 chloritic biotite 1-5-10-15-20-25-28 Cecgl 

206Aa 100 muscovite 1-5-10-15-20-25 Was ) 

206Ab 300 small quartz 1-2-3-4 Was | 

North of Florence, Md., 
206B 300 small quartz 1-2-3-4-5-6 Was (Howard County). 


}-2-3-4-5-6 Was 


300 smali quartz 


All maxima above 3% plotted into net with north end of ‘b’ in the center and the 
west end of ‘a’ at the left. 
Same as F 93 but restricted to tectonite analyses. 


All maxima above 3% plotted into net with compass coordinates at the periphery 
(north at the top) 


F96 Same as F95 but restricted to tectonite analyses 
F97 Standard maxima positions (adapted from Fairbairn 1942 p. 67). 


Cw—Weverton qzt.; Ca—Antietam qzt.; St—Tuscarora ss.; Qzt—Quartzite lentils in vol- 
canics; Cl—Loudon qzt.; Ch—Harpers phyllite; Cc—Chickies qzt.; Csli—Sugarloaf qzt.; 
Ccgl—Cardiff congl.; Was—Wissahickon schist 
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